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1. Background 

The protection of the environment has become a major concern for all countries especially the 

protection of water resources. Indeed, water is a vital resource for human health, with 

significant impact on sustainable development, including poverty eradication, gender equality, 

food security and the preservation of ecosystems. Water resource preservation is nowadays a 

social, economic and environmental issue and water resources are becoming weaker every 

day with huge inequalities over the planet. Sustainable management of water resources is 

needed including not only lower consumption but also lower pollution. 

Industrialization that has been highly beneficial to improving everyday life is also responsible 

for pollution. Exemplarily, Industrial effluents in textile industries are weakly biodegradable 

and characterized by a strong coloration and significant pollution, of both mineral and organic 

nature. Thus, recycling wastewater with a high efficiency and limiting polluting discharges 

into the natural environment are currently among the most challenges that are facing 

manufacturers in all sectors. 

Since decades, the introduction of nanotechnology in industry as well as in academic research 

has allowed for the development of a new class of functional materials. These advances have 

also benefited to environmental sciences and there is a growing interest in developing 

environmentally friendly materials meant to reducing public health risks. Nanosensors for 

pollutants detection, nanophotocatalysts for pollutant degradation and conversion in benign 

compounds, nanostructures membranes for water filtration, to name but a few are examples of 

such materials that can include a large family of ceramics, polymers, nanoparticles and 

nanocomposites.  

Currently, the economic challenges for the development of these materials are multiple and 

concern varied constraints such as the availability of raw materials in significant amounts and 

at low cost, as well as their easy transformation to end use functional materials via green and 

cost-effective (energy consumption) methods without altering their performances. To address 

such an ambitions issue, the present PhD projectfocused on designing low cost UF ceramic 

membranes from clays or phosphate by-products (Mud) of the phosphate laundries industry 

and catalytic polymer hybrid materials incorporating natural resources nanoparticles such as 

clays and graphene-like and meant to polluted water treatment. 

 

2. Aims and Challenges 
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Therefore, the experimental work performed during this PhD project aimed at (1) designing 

membrane supports with tubular geometries by a combination of extrusion (ceramic pastes) 

and calcination (at a temperature as low as possible) processes, (2) The synthesis of polymer-

based nanocomposites incorporating nanometric fillers and further used as supports for highly 

immobilized catalytic metallic nanoparticles. 

One of the aims of this experimental work was to establish correlations between the 

preparation processes and the characteristics of the materials (morphology, porosity, 

mechanical strength, physicochemical stability, dispersion and the interaction between 

catalytic nanoparticles and polymer-based materials) so as to obtain materials with optimized 

properties and best suited to the envisioned applications. 

In addition, the wide choice with regard to the nature of the raw materials offers nearly 

unlimited possible combinations and is of great advantage to develop innovative 

nanocomposites and membranes whose properties are already exploited in the context of 

water remediation. Coupling membrane separation processes (based on UF ceramic 

membranes) together with heterogeneous catalytic reactions (based on the implementation of 

catalytic polymer hybrid materials) was also investigated. 

This thesis project therefore aims, on the one hand, to employ natural materials to synthesize 

high-performance and low-cost filtration membranes, and on the other hand, to develop 

functional and robust hybrid materials for potential use as heterogeneous catalysts for 

applications in the treatment of polluted water through efficient processes. 

In order to cover all these aspects, various challenges inherent in scientific, technical and 

economic sides must be removed in this work. 

One of the significant challenges of this thesis will be to study the feasibility of preserving the 

quality of the water and protecting the environment by setting up effective processes for 

treating water before it is discharged into the receiving environment. At this level, the 

synthesis in large quantities and with low cost of hybrid powder catalyst still constitutes a 

technological barrier on an industrial scale. Another challenge to be removed in this thesis 

when investigating the chemistry of metallic nanoparticles complexes is to examines the 

nature of ligands to construct hybrid catalyst strongly coordinating having homogeneous 

distribution of MNPs which inhibit its aggregation by potential non-covalent interactions. 

To overcome these challenges, it was also necessary, on the one hand, to prepare high-

performance substrates from the exploitation of inexpensive natural materials such as 

phosphate, sugar graphene and clay, for example. On the other hand, we seek in this work to 
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develop simple design approaches that allow producing efficient catalyst even when used in 

low quantities. 

 

3. Thesis Outline 

This present manuscript of thesis consists of four chapters. The first chapter is devoted to a 

bibliographic study providing a "state-of-the-art" about the Preparation and surface 

modification of porous ceramic membranes for water treatment. The chapter is divided into 

three parts, which present the main subjects of literature reviews followed by three 

experimental chapters, each presenting a brief introduction and the main experimental results.  

The outlines and the specific objectives of each chapter are highlighted as follows. 

The first chapter presents a comprehensive literature review of the works already carried out 

and related to our thesis aims. It is structured around three main subsections including: (i) 

Ceramic membrane for separation technology, (ii) Heterogeneous catalysis based on catalytic 

reduction reaction using nanohybrid catalyst for organics degradation and (iii) Intensification 

of water pollution remediation using membrane reactor, coupling membrane separation with 

heterogeneous catalysis for hybrid continuous treatment process. The first subsection is 

focused on the preparation, surface modification and specific properties of inorganic 

membrane based on ceramic mesoporous support and a particular attention is paid to low cost 

raw materials. The effectiveness of these membranes was then investigated in the water and 

wastewater treatments. The second subsection is summarizing different polymer-based 

supports for catalytic metallic nanoparticles stabilization. Finally, an overview and 

experimental evaluation of the membrane separation intensification by simultaneously 

integration of heterogeneous catalysis in ultrafiltration membrane reactors for organic 

pollution removal and the potential application in the raw wastewater treatment are presented 

in the third section. 

The second chapter presents the preparation of catalytic hybrid nanostructures based on 

chelatant-functionalized clay and graphene-like heterostructures immobilized gold (Au) and 

palladium (Pd) metallic nanoparticles, respectively. As initial robust platforms, single or 

mixed montmorillonite clay and graphene was firstly chemically modified by chelatant 

functional groups which enable complexing high densities of homogeneously dispersed 

metallic nanoparticles in order to generate active catalytic sites. These nanoparticles were 

generated using in-situ reduction of gold and palladium nanoparticles from previously 

complexed their corresponding metal ions by using sodium borohydride (NaBH4) reducing 

agent.  Afterwards, monometallic hybrid catalysts (MMT-PGMA-NH2@AuNPs and GHN-
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COOH@PdNPs) were used to degrade hazardous organic compounds such as nitroaromatics 

and dyes. 

Chapter 3 is devoted to the experimental study of ceramic membranes fabrication, nano-

structuration and characterization for membrane separation process. These experiments were 

performed on a home-made laboratory setup by using two different types of low-cost ceramic 

membranes. In this study, membrane nanostructuration was achieved by deposition of 

selective titania nanolayer on clay/alumina mesoporous tubular support. The evolution of the 

thermal, mechanical and physico-chemical properties of the membranes as well as 

ultrafiltration unit and the operating protocols are studied and presented in this chapter. The 

performances notably in term of flux and retention rate of the as-fabricated ultrafiltration 

membranes are investigated toward synthetic dyes treatment, which are widely used in dyeing 

industries (textile). 

The Chapter 4 presents the last chapter of this manuscript, where feasibility tests in the use of 

Ceramic Membrane Reactors (CMR) operated in continuous mode to eliminate water 

contaminants have been performed. The used CMR is constituted of both titania UF and 

(tight-UF) T-UF membrane deposited on 100% mud support and hybrid catalysts based on 

gold (AuNPs) and Nickel (NiNPs) nanoparticles decorated monolithic composites and the   

gold immobilized on chelatant polymer nanostructures described above. Here, synthetic 

effluent solutions such as nitroaromatics (nitrophenol, pesticides, explosives and antibiotic 

drugs) as well as real industrial wastewater were treated through coupled hybrid process 

combining heterogeneous catalysis and membrane ultrafiltration in continuous flowreactor. 

The mechanism for the degradation of organic pollutants is a catalytic hydrogenation reaction 

induced by the metallic nanoparticles-containing composites that is rich in electrons. The 

coupling strategy for separation and catalysis aimed at highlighting the synergistic effects 

between both processes and yield intensification of each by other in the membrane reactor as 

well as the potential performances of this hybrid process toward industrial wastewater 

recycling and the reuse of the membrane (antifouling study). 

Finally, this thesis manuscript ends with a general conclusion summarizing the entirety of the 

performed work including a synoptic presentation of the major obtained results and possible 

future work of research is also suggested as perspectives. 
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Section 1 

Preparation and Surface Modification of Porous Ceramic Membranes for Water 

Treatment 

1. Introduction 

Membrane separation is well-recognized as a mature technology well-suited to address issues 

of separation and treatment of complex mixtures and reject handling arising from the textile, 

chemical, food, and pharmaceutical industries, to name but a few. This large success can be 

rationalized by the intrinsic characteristics of membrane processes such as high stability and 

efficiency, low energy requirement, and ease of operation (Saufi et al., 2004; Tin et al., 2011). 

Membrane materials can be classified as function of their chemical nature, organic vs. 

inorganic or pore size and related separation mechanism. Organic membranes are made of 

polymers including polyamide, polysulfone, polyethersulfone, and polydimethylsiloxane and 

are typically prepared by casting methods (air, immersion, and melt casting), track etching 

techniques, or controlled film stretching. Polymer-based microporous membranes are 

commercially available for use in ultrafiltration (UF) and microfiltration (MF) in health care 

for sample preparation prior to, for instance, chromatographic analysis, virus removal, and 

diagnosis purposes. They are also widely applied in the area of energy, as in lithium-ion 

batteries and fuel cells as well as in the petrochemical industry to treat produced water. 

Although polymeric membranes can be cost-effectively designed with well-controlled 

characteristics such as pore size and hydrophilic/hydrophobic balance, these constructed 

membranes suffer from limited chemical, thermal, and mechanical stability compared to their 

inorganic counterparts. 

Porous inorganic membranes (IMs) are mainly manufactured from metal oxides (MOs) such 

as alumina (Al2O3), silica (SiO2), zirconia (ZrO2), and titania (TiO2) (Chowdhury et al., 2003; 

Lenza et al., 2000; Van Gestel et al., 2006), while metals such as palladium, nickel, silver, 

zirconium, and their alloys are used for the preparation of dense membranes (Biswas et al., 

2018). It is reported also that zeolite-based (alumino silicate) membranes (Ghouil et al., 2015) 

showed the characteristic of dense membranes. IMs can resist harsh conditions making their 

use possible in wide pH (pH 1–14) and temperature (up to 500°C) ranges. These advantages 

also allow for regeneration of the membranes through washing with aggressive chemicals, 

organic solvents, or a hot water stream. 

Ceramic membranes with a broad range of pores size can be elaborated through different 

preparation approaches, including slip casting, tape casting, pressing, extrusion, sol-gel 



10 
 

process, dip coating, and chemical vapor deposition. Most IMs are made of a combination of 

a thin separation layer and a porous support and are mainly employed in pressure-driven 

separation processes (Guizard et al., 1996). 

Production of industrial ceramic membranes relies on the use of a limited choice of raw 

materials and generally involves a high temperature-sintering step to ensure strong bonding 

between membrane and support. The high sintering temperature used in the case of titania and 

alumina ceramic membranes may explain their relatively high price (Anderson et al., 1988). 

The presence of hydroxyl groups on the membrane surface governs the permeation properties 

of the membrane and allows for modification of surface properties such as surface roughness 

and hydrophilicity or hydrophobicity. Khemakhem et al. (2011a; 2011b), for instance, 

reported that chemical modification of a membrane surface with hydrophilic moieties may 

prevent membrane fouling. 

To date, a number of methods have been proposed such as plasma-enhanced chemical vapor 

deposition (CVD) (Wu et al., 2002), plasma polymerization (Chen et al., 1999), and chemical 

grafting (Alami Younssi et al., 2003; Kujawa et al., 2013a; 2013b; 2014a). The research 

group of Ben Amar (Tunisia) described an elegant method for the chemical functionalization 

of ceramic materials through a grafting process of perfluoroalkylsilane (Khemakhem et al., 

2013). The newly developed ceramic MF membranes that have 7 L/m2.h bar as water 

permeability are very promising in the field of membrane distillation, exhibiting total salt 

rejection of 99% with permeate flux of 165 L/day.m2 under ΔT of 85°C. 

The use of aliphatic organosilanes such as trimethylsilyl chloride (Me3SiCl) (Alami Younsi et 

al., 2003), triphenylsilyl chloride (Si(C6H5)3Cl), tert-butyldimethylsilyl chloride-

(C4H9(CH3)2SiCl) (Caro et al., 1998; Sah et al., 2004), dichlorodimethylsilane ((CH3)2SiCl2), 

and dichloromethyloctylsilane (C8H17CH3SiCl2) (Van Gestel et al., 2003) was reported for 

hydrophobization purposes. It was notably shown that the degree of hydrophilic or 

hydrophobic modification depends on both the extent of grafting and the length of the grafted 

segment. Indeed, steric hindrance may limit the grafting reaction of bulky silanes at the 

internal surface of the membrane. 

The aim of this chapter is to conclusively highlight the synergy of inorganic materials and 

surface functionalization for the design of microporous ceramic membranes (MiPCMs) with 

controlled permeability and selectivity. In this chapter, particular attention is paid to the 

chemical modification of membrane surface with the aim to control the 

hydrophilic/hydrophobic balance and control the pore size. We discuss the application of the 
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so-chemically modified membranes for water treatment including membrane distillation 

(MD), oil/water separation (OWS), and wastewater treatment (WWT). 

 

2. Development of ceramic membranes derived from low-cost raw materials 

Ceramic membranes have been extensively applied in different industrial areas such as the 

food and beverage industry (Almandoz et al., 2015; Bogianchini et al., 2011; Cissé et al., 

2011; Nandi et al., 2009; Zulewska et al., 2009), chemistry (Athanasekou et al., 2009; Padaki 

et al., 2015), water treatment and reuse (Van Der Bruggen et al., 2003), and biotechnology 

and pharmaceuticals (Díaz-Reinoso et al., 2009; Liu et al., 2017), as summarized in Table 1. 

In general, ceramic membranes have tubular and multi-tubular geometry.  

Table 1.Examples of using ceramic membranes in major industrial applications. 

Area Process Applications  References 

Food and beverage 

industry 

MF and 

UF 

Concentration of milk, concentration 

of protein, clarification of fruit 

juice/wine, and microorganism 

separation from fermented juice. 

Almandoz et al., 

(2015); Nandi et al., 

(2009); Zulewska et al., 

(2009) 

Biotechnology and 

pharmaceutical 

industry 

MF and 

UF 

Microorganism separation, cell debris 

filtration and plasma separation. 

Liu et al., (2017); Díaz-

Reinoso et al., 2009 

Chemical and 

industrial 

applications 

MF and 

UF 

Oil-water separation, purification of 

used oil and removal of precipitated 

heavy metals and solids. 

Padaki et al., (2015); 

Athanasekou et al., 

(2009) 

Recovery and 

Recycling 

UF and 

NF 

Drinking water and wastewater 

treatment. 

Van Der Bruggen et al., 

(2003) 

 

For instance, the commercial membranes from Orelis (KERASEP membrane), made of 

Al2O3-TiO2 or Al2O3-ZrO2, have a multi-tubular geometry with 7 or 19 channels with each 

channel having a diameter of 6 mm (Wallberg et al., 2003). KLEANSEP ceramic membranes 

are commercially available in a wide range of molecular weight cut-off (MWCO), providing 

industrial solutions in the filtration of suspensions, emulsions, and solutions. 

Crucial requirements for using ceramic membranes are high permeability, long lifetime, and 

selectivity. Undoubtedly, the high mechanical resistance and chemical stability of ceramic 

membranes toward harsh operating conditions under continuous flow are key features of their 

success. Indeed, ceramic materials enable the use of high pressures and temperatures, 
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chemically aggressive cleaning methods, and back pulsing during processes (Ben Amar et al., 

1990). MF and UF ceramic membranes have been used in a wide variety of filtration 

processes such as separation of microorganisms, proteins, and colloidal solutes. Although 

nanofiltration (NF) membranes have been applied to water treatment, including wastewater 

containing heavy metals and synthetic dyes, the ceramic membranes are not widely applied to 

NF compared to organic membranes (Arkell et al., 2014). The application of ceramic 

membranes has also been extended to non-aqueous solution separation especially in 

petrochemical processing. Al2O3, SiO2, and ZrO2 UF membranes have been applied to the 

separation of asphaltene from crude oil in the temperature range of 155–180°C (Guizard, 

1996). The treated oils were considered clean oils owing to the effective removal of heavy 

metals such as copper, lead, iron, and chromium. 

A quick overview of the literature dedicated to the field of ceramic membranes reveals that 

various inorganic materials have been considered precursors for membrane design. 

Asymmetric membranes are typically manufactured from MOs among which pure or mixed 

Al2O3 (Gaber et al., 2013; Garmsiri et al., 2017; Ren et al., 2015), ZrO2 (Bouzerara et al., 

2015; Guo et al., 2016), TiO2 (Cai et al., 2015; Gaber et al., 2013; Garmsiri et al., 2017; Guo 

et al., 2016; Palacio et al., 2009; Yacou et al., 2015) and SiO2 (Lim et al., 2009; Yoshino et 

al., 2008) have been primarily used. Although MO-based membranes have proved very 

efficient for a variety of separation processes associated with pollution treatment, they suffer 

from high preparation cost. The use of MO powders and the high sintering temperature would 

make the commercial-quality membranes costly. This drawback slows down the development 

of this type of membranes. 

Today, the trend is toward using low-cost materials and, if possible, recycling by-products 

that arise from industrial activities with the aim to reduce cost and to develop green processes. 

Researchers and engineering firms are continuously working on the development of cost-

effective processes, and one of the solutions relies on the use of low-cost materials of natural 

origin. 

Natural clays (Bouazizi et al., 2016; Garmsiri et al., 2017; Khemakhem et al., 2009; 2011a; 

Oun et al., 2017; Vinoth Kumar et al., 2015), zeolites (Kosinov et al., 2016; Lafleur et al., 

2017), sand (Aloulou et al., 2017; Kouras et al., 2017), quartz (Kouras et al., 2017), fly ash 

(Jedidi et al., 2009a; 2011; Suresh et al., 2016), calcite (Kouras et al., 2017), apatite 

(Masmoudi et al., 2007; Sahoo et al., 2016), phosphate (Bouazizi et al., 2017; Palacio et al., 

2009) and phosphate sub-products (Khemakhem et al., 2011c; 2015) have proven to be very 

promising. This is because natural raw powders may provide high chemical and thermal 
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stability, enhanced mechanical resistance, long-term durability, and ease of cleaning between 

each application run to prevent surface fouling phenomena (Garmsiri et al., 2017). Moreover, 

formulations derived from low-cost materials may require low thermal treatment temperatures 

contributing significantly to cost reduction (Khemakhem et al., 2006a; 2009; 2011c; Sarkar et 

al., 2012; Tahri et al., 2013). 

The research group of Ben Amar showed that the use of mud, a by-product of the mining 

industry in Tunisia, allows for a significant decrease of the sintering temperature to 700°C for 

the support and 650°C for the active layer (Khemakhem et al., 2015). This range of 

temperature is much lower than the one obtained with other raw materials (e.g., clay, apatite, 

sand, and fly ash), which have a sintering temperature higher than 1000°C (Khemakhem et 

al., 2015). Many researchers have discussed the potential use of natural Moroccan and 

Tunisian clays to produce membrane supports for MF and UF applications (Khemakhem et 

al., 2006b; 2007; 2011a; Saffaj et al., 2004). In addition, Masmoudi et al. (2007) studied the 

elaboration of UF membranes based on natural phosphates as well as synthetic apatite while 

Aloulou et al. (2017) reported on the design of MF membranes meant to be used for 

wastewater treatment (WWT) using Tunisian natural sand. Other authors also demonstrated 

the possibility of developing ceramic membranes from abundant industrial sub-products, such 

as fly ash arising from coal fired power stations (Jedidi et al., 2009a; 2009b; 2011) and muds 

obtained from the washing steps of phosphates rocks (Khemakhem et al., 2015). The so-

designed ceramic membranes were applied in different areas of water treatment. 

 
 

3. Surface modification of ceramic membrane via structuration 

Tailoring the microstructure of ceramic membrane surface has been accomplished with a 

variety of oxide particles via depositing a thin layer on the membrane support. A broad range 

of membrane properties can be obtained through a judicious choice of both particle nature and 

size as well as thickness of the coating. Membrane structuration is a subject of much interest 

in the purification of oily wastewater because it yields small pores that favor efficient oil 

particles rejection. It is highly possible to provide anti-adhesive properties against oil to the 

membrane surface by increasing the membrane hydrophilicity. 

Among the MOs that have been considered to date, TiO2 nanoparticles emerged as promising 

candidates since their structural morphology and formed coating thickness can be easily 

adjusted by simply changing the experimental conditions. Chang et al. (2014) improved the 

hydrophilicity of 19-channel tubular ceramic MF membrane using a one-step nano-
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TiO2synthesis-deposition procedure. The TiO2 nanoparticles were synthesized directly inside 

the membrane channels by filling them with a solution containing a 1:2 molar ratio of 

Ti(SO4)2/urea. The titane-containing membrane support was treated twice at 85°C for 3 h 

followed by a calcination at 950°C for 2 h. This produced an inner surface alumina membrane 

with a uniform TiO2 nanoparticles array (30 nm TiO2 spheres), causing a decrease of the 

contact angle from 33° to 8°. Such an increase in wettability of the composite ceramic 

membrane led to an improvement of the membrane flux in separation of a stable oil-in-water 

emulsions compared to the unmodified ceramic membrane for the optimized cross-flow MF 

conditions (trans-membrane pressure of 0.16 MPa, feed cross-flow velocity of 5 m/s and 

temperature of 40°C). Under these conditions, the maximum flux was reported to be about 

330 L/m2.h.  

A different route to prepare TiO2 composite ceramic membrane was described by Suresh and 

Pugazhenthi (2017). It was based first on the co-precipitation of the TiO2 nanoparticles using 

TiCl4 in the presence of a solution of NH4OH. Subsequently, the as-prepared titania 

nanoparticles suspension was placed together with the low-cost clay-based porous ceramic 

membrane (PCM) support for hydrothermal treatment at 160°C for 12 h followed by a 

calcination step at 400°C for 3 h in a muffle furnace. The contact angle of a deposited water 

droplet on the surface of the as-designed TiO2 ceramic membrane reached a value of about 

15° revealing the significant surface hydrophilicity (see Figure 1). The average pore size as 

determined by N2 adsorption-desorption decreased slightly from about 0.981 μm in the case 

of the unmodified membrane to 0.877 μm after TiO2 coating. Remarkable improvement in 

both flux (648 L/m2.h) and oil removal efficiency (>99%) was obtained for the elaborated 

TiO2-ceramic membrane compared to the native ceramic support, which exhibited a permeate 

flux and oil removal efficiency of 313.2 L/m2.h and 93–96%, respectively, when both 

membranes were tested using feed oil concentration of 200 mg/L and at 2.07 bar. This effect 

was due to the hydrophilic nature of titania membrane surface, which prevents access of the 

oil droplets into the pores and significantly reduces membrane fouling. 
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Figure 1. FESEM images showing (a and b) top and (c and d) cross-sectional views (From Suresh and 

Pugazhenthi 2017). 

 

 

3.1. Ceramic Membrane from Slip-Casting Method 

TiO2-modified ceramic membranes have also been largely used in the domain of the 

separation of dyes from wastewater because of their ability to improve permeate flow and 

antifouling capacity. Oun et al. (2017) developed novel asymmetric UF ceramic membranes 

by the deposition of a single separation layer of TiO2 particles on the inner surface of 

extruded tubular porous clay-alumina membranes (ID/OD =7 mm/10 mm) by the slip casting 

method. The separation UF layer was prepared via a one-step slip casting at room temperature 

of an aqueous suspension of TiO2 particles (4 g), containing 12 wt% of polyvinyl alcohol 

(PVA) used as binder and 0.2 wt% of Dolapix CE64 used as dispersant, directly inside the 

tubular supports. 

SEM characterization indicated the presence of a dense and homogeneous 4.2 μm thin TiO2 

layer with a mean pore size of about 50 nm (see Figure 2). The UF TiO2-coated tubular 

ceramic membranes showed high performance towards the removal of alizarin red dye (MW: 

240.21 g/mol) at a transmembrane pressure of 5 bar and at pH of 9. In comparison to previous 

works on removal of dyes from wastewater, the membranes designed by Oun et al. (2016) 
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exhibited greater performance in terms of water flux (117 L/m2.h) and alizarin red dye 

rejection rate (99%) than the ceramic tubular membranes made of TiO2-ZnAl2O4-clay (Saffaj 

et al., 2004), Kaolin-based membrane (Bouzerara et al., 2009), and TiO2-ZrO2-Al2O3 (Ma et 

al., 2017) that showed water flux of 9.42, 33 and 28.1 L/m2.h with rejection rate of 90% (P = 

10 bar), 98% (P = 3 bar), and 97% (P = 3 bar), respectively. This finding can be attributed to 

the contribution of the TiO2 nanoparticles that enhance the filtration performances. The color 

retention is mainly due to the adsorption onto the membrane surface (Ganesh et al., 2016). 

 

 

Figure 2. FESEM images showing (a) top-surface and (b) cross-sectional views of ceramic membrane 

support prepared from the composition clay/alumina/methocel 25/75/6 and coated with a titania layer. 

The inset in (a) shows a magnified image of the surface of the titania-based membrane (From Oun et 

al., 2017). 

 

 

3.2. Ceramic Membrane from Atomic Layer Deposition 

MO thin films with 3-D structures can also be deposited on ceramic membrane surface via the 

novel ALD method, which is a gas phase deposition technique. This one-step pathway enables 

the generation of a uniform atomic-scale thin layer of oxides that strongly attaches to the 

membrane surface as well as to the pore walls. Moreover, both thickness and pore size of the 

atomic layer can easily be tuned by varying the number of deposition cycles and adjusting the 

exposure time of the membrane support and metal precursors to the oxidant source. This 

method was described for the first time when Li et al. (2012) deposited a thin film of Al2O3 on 

tubular ceramic membranes based on a layer of ZrO2 nanoparticles-coated Al2O3 supports. 

The coating process was carried out at 250°C using trimethylaluminum and deionized water 

as precursors. SEM analysis, as shown in Figure 3, indicated that consecutive deposition 

steps induced a continuous decrease of the membrane pore size from about 50 to 6.8 nm, 
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suggesting controllable conversion from MF to UF and NF and even dense membranes by 

increasing the number of ALD cycles. Furthermore, an increase of the number of ALD cycles 

from 0 to 800 led to a significant decrease in the membrane permeability from about 1698 to 

118 L/m2.h.bar. This result was attributed to the decrease of the pore size of the membranes 

after surface modification. 

 

 

Figure 3. Cross sectional SEM images together with EDS spectra of ceramic membranes subjected to 

600 atomic layer deposition cycles with varied exposure time: (a, d, and g) 0 s; (b, e, and h) 10 s; (c, f, 

and i) 40 s. The EDS spectra were recorded at three different points (Points 1–3 marked in the 

corresponding locations in SEM images). Only the EDS profile for Point 2 of each sample is shown in 

the inset of the corresponding SEM image. (d–f) Plots of the relative atomic percentages of Al 

recorded at different positions (Points 1–3 in the SEM images). (g–i) High magnification SEM images 

showing the surface layer and transition layer (From Li et al., 2012). 

 

 

More recently, atmospheric pressure ALD has been explored for the fabrication of tight 

ceramic NF membranes (Shang et al., 2017). Compared to the work of Li et al. (2012), the 

deposition step could be successfully achieved without the need for an expensive vacuum 

system, and thus the atmospheric pressure ALD method is more cost-effective for the 

fabrication of modified membranes. The thickness of the TiO2 coating was estimated to be 

0.05 nm/cycle by AFM technique. It is worth noting that the increase of the number of cycles 

leads to the decrease of the pore size. This finding was fully evidenced by molecular weight 

cut-off (MWCO) characterization using polyethylene glycols (PEG: 200 to 1000 g/mol). The 

performances were evaluated by measuring the water permeability before and after treatment. 
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A slight improvement in water permeability was observed as the value increased from 11 to 

16 L/m2.h.bar. 

 

4. Surface modification of ceramic membranes via chemical grafting 

In this section, we will discuss different synthetic strategies that are employed for the surface 

modification of ceramic membranes. Surface modification is considered the key step in tuning 

the morphological structure, the chemical composition, and thus the separation properties of 

ceramic membranes for water and WWT applications. Furthermore, membrane surface post-

modification is shown to be an efficient route to solve one of the most critical issues in 

membrane technology, namely, the fouling tendency. To be able to prevent fouling problems 

while maintaining a correct flux is of high economic and ecological importance because it 

both increases the productivity and lifetime of membranes and reduces cleaning steps.  

Significant research efforts have been devoted to developing surface modification strategies 

compatible with ceramic materials in order to enhance filtration performance. To this aim, 

many surface modifying agents such as Grignard reagents (Hosseinabadi et al., 2015), 

organophosphonic acids (Mustafa et al., 2014), metal/MO particles (Chang et al., 2014; Li et 

al., 2012; Oun et al., 2017; Suresh and Pugazhenthi 2017), organosilanes (Gao et al., 2013; 

Khemakhem et al., 2014; Kujawa et al., 2013a; 2014b; Lee et al., 2016), and polyethylene 

glycols (Tanardi et al., 2016a) have been proposed. These materials can be divided into two 

categories: MO particles and hydrophobic modifiers. The first category is frequently used for 

developing nanostructured membranes while the second is employed to prepare hydrophobic 

hybrid membranes. Table 2 summarizes the main characteristics of the different ceramic 

membranes made from natural and MO materials after surface modification and their 

applications. 
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Table 2. Summary of the Mains Characteristic of Different Ceramic Membrane after Surface Modification and Their Applications. 

Modification 

Method 
Modifying Agents 

Membrane 

Materials 
Water Permeability (Lp) Contact Angle (CA) Applications References 

S
il

a
n

iz
a
ti

o
n

 

(3-aminopropyl)triethoxysilane;  

3-(trihydroxysilyl)1-propanesulfonic acid 

and trimethoxy(propyl)silane 

Al2O3 848 – 1037 L/m2h.bar 
 

N/A HA filtration 
Lee et al., 

(2016) 

n-octyltrichlorosilane (C8Cl3);  

n-octyltriethoxysilane (C8OEt3);  

and trichloro(octadecyl)-silane (C18Cl3) 

TiO2 and 

Al2O3 
0.7 – 4.8 kg/m2h.bar 

CA (TiO2-C8)= 113° ±2° 

CA (Ti O2-C8Cl3)= 128° ± 2° 

CA (Ti O2-C18Cl3)= 132° ±2° 

WD 
Kujawa et al., 

(2017) 

1H,1H,2H,2H-perfluorooctyltriethoxysilane 

(C6); 

1H,1H,2H,2H-perfluorotetradecyltriethoxy-

silane (C12); 

TiO2 

Lp (Ti O2-C6)= 3.74 

L/m2h.bar 

Lp (Ti O2-C12)= 3.86 

L/m2h.bar 

CA (TiO2-C6) = 135° 

CA (TiO2-C12) = 145° 
WD 

Kujawa et al., 

(2014b) 

Ethyltrimethoxysilane (C2); 

Hexyltrimethoxysilane (C6) ; 

Octyltrimethoxysilane (C8) and 

hexadecyltrimethoxy-silane (C12) 

Al2O3 N/A 

CA (unmodified membrane) = 

9.1° 

CA ( Al2O3-C6)= 126° ± 1° 

CA ( Al2O3-C8)= 131.4° ± 1° 

CA ( Al2O3-C16)= 140° ± 1° 

WOS 
Gao et al., 

(2013) 

1H,1H,2H,2H-perfluorodecyltriethoxy-

silane (C8); 
MHLP 

Lp= 720 L/m2h.bar  

(unmodified membrane) 

Lp= 7 L/m2h.bar 

(functionalized membrane) 

CA ((unmodified membrane) = 

25°  

CA (functionalized membrane) = 

160°) 

WOS 
Khemakhem 

et al., (2013) 

1H,1H,2H,2H-perfluorodecyltriethoxy-

silane (C8); 
Tunisian clay 

Lp=155  L/ m2 day (MF 

membrane) 

Lp=110 L/ m2 day (UF 

membrane) 

CA (Clay-C8) = 180° WD 
Khemakhem 

et al., (2011b) 
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P
h

o
sp

h
o
ry

la
ti

o
n

 

MPA; 

PPA and  

HDPA 

TiO2 

Lp (TiO2-MPA) =  15 

L/m2h.bar 

Lp (TiO2-MPA) = Low   

L/m2h.bar 

Lp (TiO2-MPA) = 0   

L/m2h.bar 

CA (TiO2-MPA)    = 37° 

CA ( TiO2-PPA)     = 80° 

CA ( TiO2-HDPA) = 124° 

DWP 
Mustafa et al., 

(2014) 

MGR;  

PGR and 

MPA 

 

TiO2 

Lp (unmodified UF 

membrane) = 170-200   

L/m2h.bar 

Lp (TiO2-MGR)  = 104  

L/m2h.bar 

Lp (TiO2-MPA)= 118  

L/m2h.bar 

Lp (unmodified NF 

membrane) =10-30  

L/m2h.bar 

Lp (TiO2-MGR)  = 5-13  

L/m2h.bar 

Lp (TiO2-PGR) = 5-14  

L/m2h.bar 

Lp (TiO2-MPA) = 8-27  

L/m2h.bar 

UF membrane: 

N/A 

NF membranes: 

CA (unmodified NF membrane) = 

10-20 ° 

CA (TiO2-MGR)  = 50-60 ° 

CA (TiO2-PGR)= 50-60° 

CA (TiO2-MPA)=  35-45° 

WWT (paper 

mill effluents, 

olive oil 

wastewater) 

Mustafa et al., 

(2016) 

P
o
ly

m
er

 

g
ra

ft
in

g
 

Triglyceride MHLP 

Lp (unmodified membrane) = 

90 L/m2h.bar 

Lp (functionalized 

membrane) = 7 L/m2h.bar 

CA (unmodified membrane)= 16°  

CA (functionalized membrane)= 

121° 

SWD 
Derbel et al., 

(2017) 
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4.1. Membrane hydrophobization 

Although ceramic membranes have been successfully used in the industrial applications, 

fouling phenomena still remain highly challenging. To overcome this problem, the surface 

functionalization of ceramic membranes through efficient chemistry strategies and the use of 

different modifying agents have largely been considered. This has resulted in the production 

of tailor-made hybrid organo-modified ceramic membranes. 

Native ceramic membranes prepared using unique or mixed MO(s) and clay are characterized 

by their high hydrophilic character due to the presence of abundant surface hydroxyl groups. 

This hydrophilicity may induce water adsorption and/or capillary condensation in the pores, 

reducing the number of pores. Numerous studies have been dedicated to the introduction of 

hydrophobic chemical moieties onto ceramic membrane surface through strong interfacial 

bonding involving the replacement of the -OH surface groups by organic moieties. 

 

4.2. Grignard reagents 

Grignard reagents are a class of coupling agents proposed as a new class of surface modifiers 

of MOs (Hosseinabadi et al., 2015; Mustafa et al., 2016). These organometallic molecules 

have the generic formula of RMgX, where X is a halogen and R is an alkyl or aryl group. 

They were used for the first time by Van Heetvelde et al. (2013) for the chemical modification 

of titanium alkoxides as an alternative to organosilane coupling agents. Grignard modification 

yields non-hydrolysable bonding between the surface of the MO and the functional group, 

since the Grignard organic groups are directly bonded through a Metal-C bond at room 

temperature, as schematically shown in Figure 4 (Mustafa et al., 2014). These bonds in the 

submonolayer coating exhibit higher stability towards hydrolysis than the M-O-Si bonds 

obtained with silanes. The benefit of such hybrid membranes relies on the combination of 

both organic and inorganic materials, which induces new interesting properties. Interestingly, 

Grignard modification method makes membrane amphiphilic due to the partial surface 

replacement of the membrane surface -OH groups by the Grignard hydrophobic groups. 

Hosseinabadi et al. (2014) have successfully attached different organometallic Grignard 

molecules (C1 to C12 groups) to 1 nm TiO2 membranes in dry diethyl ether solvent, producing 

a series of hydrophobic titania ceramic membranes. After functionalization, removal of any 

remaining by-product, namely MgBr salt, requires multiple successive washings of the 

membranes in Et2O, HCl (0.1 or 1 M), and H2O. Examination of the modified membranes by 

ATR/FTIR spectroscopy revealed the presence of organic moieties on the membrane surface, 
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leading to an increase in the contact angle from 19° (unmodified TiO2 membrane) to 83° 

(TiO2-C8 membrane). This confirmed the partial hydrophobization of the ceramic membrane. 

 

 

Figure 4. Schemes of the possible interactions of (a) Grignard reagents and (b) phosphonic acids with 

the surface of MOs (From Mustafa et al., 2014). 

 

 

The as-prepared amphiphilic TiO2 ceramic membranes were used to treat wastewater 

containing organic solvents, and they exhibited higher flux for tetrahydrofuran (THF), 

toluene, n-hexane, and polyethylene glycol retentions in water than unmodified membranes. 

This Grignard grafting method has been found to be very promising in developing-enhanced 

antifouling TiO2 ceramic membranes applied in filtration of three challenging wastewater 

streams, namely pulp and paper mill effluent, olive oil wastewater, and oil/water emulsions 

(Mustafa et al., 2016). Mustafa et al. (2016) reported that the membranes grafted with methyl 

groups in particular showed an enhancement of filtration performances. 

 

4.3. Organophosphonic acids 

Phosphorylation using organophosphonic acids has been applied to derivatize ceramic 

membranes with organic moieties that act as surface hydrophobization agents. Moreover, the 

phosphorylation strategy is known to be fast, cheap, and can be successfully performed in 

water in contrast with the Grignard surface modification, which requires anhydrous organic 

media. This method involves generally three reactive groups (P-OH, P-OR, and PO) resulting 

in the formation of strong mono-, bi-, or tridendate bonds with the membrane surface. 

However, implementation of the phosphorylation approach in surface modification of ceramic 

membranes remains limited because of the low commercial availability of organophosphonic 

acid derivatives. 
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Randon et al. (1995) applied this strategy for the functionalization of TiO2 and ZrO2 

mesoporous ceramic membranes (MCMs) phosphoric acid and alkyl (methyl, ethyl, and 

phenyl) phosphonic acids. The grafting reactions were performed in a 0.1 M toluene solution 

of phosphonic acid precursor at reflux during 4 h and were shown to proceed successfully by 

infrared analysis. The separation properties of the resulting hydrophobic membranes have 

been studied by UF process and demonstrated high efficiency in filtering bovine serum 

albumin (BSA). 

Mustafa et al. (2014) have compared organophosphonic acids and Grignard reagents in the 

chemical modification of commercial TiO2 membranes by using different functional groups. 

In the case of the Grignard method, alkyl and phenyl groups have been grafted onto the TiO2 

membranes under dry atmosphere using methyl and phenyl magnesium. The reaction was 

carried out in diethyl ether solvent for 48 h at room temperature. It should be noted that prior 

to the grafting reaction, the TiO2 membranes were pre-treated in order to remove traces of 

adsorbed water. In the case of surface phosphorylation, methyl-, phenyl-, and hexadecyl 

phosphonic acid groups (HDPA) have been used. The authors showed an increase of the 

water contact angle and a decrease of the water permeability values after phosphorylation of 

the TiO2 membranes with the different groups. These changes were attributed to the 

transformation of the surface characteristics of the membranes from hydrophilic to 

hydrophobic ones. Hydrophobization of the membranes induced a decrease in water flux. 

Interestingly, the fouling tendency of the functionalized tubular TiO2 membranes, as 

determined using humic acid (HA) as model foulant, decreased obviously compared with the 

unmodified membrane. It has been shown that the effect of the surface functionalization on 

the membrane fouling depended strongly on both the grafting method and the chemical nature 

of the surface modifier. The most efficient antifouling effect was obtained with methyl 

Grignard reagent. 

Caro et al. (1998) also compared silanization and phosphorylation of UF Al2O3 ceramic 

membranes by organic moieties. XPS analyses have shown that, in the case of silanization 

reaction, the surface modification was efficient when the Al2O3 membrane surface contained a 

Si-OH-rich thin layer. Phosphorylation was successful by reacting the phosphonic acid with 

the Al on the membrane surface. Investigation of the thermal stability of the phosphonic-

modified membranes revealed that the silylated membranes were stable up to 230°C while the 

phosphonic-functionalized ones were stable up to 400°C. The effect of the surface 

modification on both single gases permeation and liquid mixtures pervaporation has been 

demonstrated. 



24 
 

4.4. Organosilanes 

Organosilane agents have been shown to be useful for the functionalization of the surface of 

ceramic membranes with a high variety of both hydrophobic and hydrophilic moieties. These 

molecules with formula of either X-CH2CH2CH2Si(OR)3-n or X-CH2CH2CH2SiCl3, where n 

= 0, 1, 2, OR is a hydrolysable alcoxy group, and X is an organo-functional group, bear two 

different reactive groups (OR or Cl and X) on their silicon atom and permit their coupling 

with a large variety of materials surface. The chemical grafting of an organosilane layer onto 

ceramic membranes is achieved through a silanization reaction in polar aprotic solvents 

between the surface hydroxyl groups arising from the ceramic membrane and the chloro or 

alkoxy groups coming from organosilane agents. The silanization reaction consists of two 

main steps involving (1) hydrolysis of the trialcoxy or chloro groups of silane that generates 

silanol (Si-OH) moieties and (2) reaction of the silanols with hydroxyl groups on the 

membrane surface that results in the chemical bonding of a silane layer onto the ceramic 

membrane. In order to avoid the polycondensation of organosilane molecules in the presence 

of traces of air or solvent moisture, the silanization reaction requires anhydrous solvent and an 

inert atmosphere.  

The preparation of ceramic membranes meant to be used for desalination and oilwater 

separation requires a hydrophobic membrane surface. Generally, this modification leads to an 

increase of the membrane roughness and a decrease of membrane pore size. This can be 

explained by the condensation of silane moieties at the membrane surface, which may 

increase to a large extent the degree of densification. 

Various examples of silanized ceramic membranes with hydrophobic surfaces have been 

reported in literature. Perfluoroalkyltriethoxysilanes and/or perfluoroalkyltrichlorosilanes are 

the most widely used hydrophobic agents to this aim. Khemakhem et al. (2011b) grafted 

triethoxy-1H,1H,2H,2H perfluorodecylsilane onto the MF (dpore = 0.18 μm) and NF (dpore = 

15 nm) planar and tubular membranes made of Tunisian clay. The surface functionalization 

was performed under mild conditions (room temperature and 15 min of grafting time in silane 

solution) using 0.01 M silane solution. Water contact angle measurements and infrared 

characterization showed that all the membranes have been effectively grafted with super-

hydrophobic moieties. After surface modification, the membranes exhibited non-wettable 

surfaces as ascertained by the contact angle value of approximately 180°. The chemical 

attachment of fluoroalkyl moieties onto the membrane surface has been demonstrated by the 

presence of the stretching vibrations of C-C, Si-C, and C-F at 1540 cm–1, 1270 cm–1, and 1240 
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cm–1, respectively. The success of seawater desalination (SWD) using air gap membrane 

distillation further suggested the great potential of these hydrophobic membranes. 

The same research group, in pursuit of their investigations on developing hydrophobized 

ceramic membranes, has described the surface modification of ceramic microfiltration 

membrane made of zirconium/mud of hydrocyclone laundries of phosphates (MHLP) 

(Khemakhem et al., 2014). In the presence of triethoxy-1H,1H,2H,2H perfluorodecylsilane as 

a grafting agent, they reported a significant increase in the contact angle from 25° to values 

higher than 150°, as well as a sharp decrease in the pore size of the membrane as shown by 

SEM analysis. Similarly, Das et al. (2016) reported the hydrophobization of capillary clay-

alumina-based ceramic membranes prepared using 55 wt% of clay with a pore size of 1.43 

μm in diameter. Both the water contact angle (145°) and liquid entry pressure (1 bar) revealed 

the hydrophobic character of the clay-alumina functionalized membrane. 

As an alternative to this type of organosilanes, the use of alkylsilanes with different length as 

hydrophobic surface modifiers has been proposed by Gao et al. (2013). The authors studied 

the influence of ceramic alumina membranes hydrophobicity on the filtration performance of 

water-in-oil emulsions. Ethyltrimethoxysilane, hexyltrimethoxysilane, octyltrimethoxysilane, 

and hexadecltrimethoxysilane were used as organic modifiers. The chemical composition as 

well as the morphological surface of the as-prepared membranes were studied using X-ray 

photoelectron spectroscopy (XPS), infrared characterization, thermogravimetric analysis 

(TGA), and SEM. Although no significant changes in surface morphology have been 

highlighted, a decrease in the pore size together with an increase of the surface 

hydrophobicity and change in the chemical composition were observed. Despite the small 

changes in the membrane surface morphology, the modified membranes exhibited greater 

hydrophobic character than the pristine membrane. Moreover, the membrane hydrophobicity 

increased with increasing the length of the silane alkyl chains. 

To study the effect of the surface charge on antifouling properties of ceramic membranes, Lee 

et al., (2016) described a similar strategy. The authors used three different functional 

alkylsilanes, namely trimethoxy(popyl)silane, (3-aminopropyl) triethoxysilane, and 3-

(trihydroxysilyl)-1-propanesulfonic acid that possessed neutral (-CH3), positive (-NH2), and 

negative (-SO3) charge, respectively, to plane alumina ceramic membranes. The alumina 

membranes were first washed with ethanol and subsequently introduced separately in a 0.1 M 

silane solution prepared in anhydrous ethanol for 5 h at room temperature. SEM, mercury 

intrusion porosimetry, and TGA have shown no change in the membrane surface morphology, 

and only a slight decrease in the average pore size of the alumina membranes was observed 
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after surface silanization. The authors explained these negligible surface modifications by the 

ultrathin organosilane grafts (thickness of approximately 0.1 μm). When tested using HA feed 

solution, the negatively charged (SO3-functionalized) membranes exhibited the lowest fouling 

(flux recovery rate of 80–85%), and a noticeable resistance to flux decline. As a comparison, 

the amine-grafted membrane and the unmodified membrane exhibited a higher degree of flux 

decline and a lower flux recovery rate (52%), which could be explained by their electrostatic 

interactions with the negatively charged HA (isoelectric point = 4.7). 

 

4.5. Organic polymers 

The surface functionalization of ceramic membranes through the deposition or grafting of 

macromolecules holds huge potential in water treatment processes. Indeed, ceramic-polymer 

composite membranes are a very interesting class of membranes as they combine the high 

chemical, thermal, and mechanical stability of ceramic membranes with the ease of surface 

modification and the low cost of organic polymers. As an important result, this combination 

imparts high selectivity and thus provides efficient water purification. 

Mittal et al. (2011) prepared membranes by dip-coating hydrophilic UF ceramic membranes 

using hydrophilic cellulose acetate (10% w/v in acetone). The effective pore size of the 

deposited polymer top-layer, calculated by a novel theoretical approach based on the mass of 

the polymer film and the hydraulic permeability of the composite membrane, was found to be 

in the UF range (28 nm). The authors indicated that the chemical resistance of the prepared 

composite membrane was highly dependent on pH, as a slight change was detected in the 

polymer film after acid treatment contrary to basic treatment, which induced approximately 

19.6% change in porosity. It has been shown that the acetate cellulose-ceramic membranes are 

suitable for separation of oil molecules from low concentrated oily wastewater (<250 mg/L). 

Taking advantage of the strong adhesion between organosilanes and ceramic membranes, 

organosilanes were used as coupling agents in the preparation of polymerbased ceramic 

membranes. More precisely, the reactive functionality of silane-grafted ceramic membranes 

enabled the chemical attachment of polymer chains onto the ceramic support. Two strategies 

consisting of two successive steps can be envisioned to graft polymer films on ceramic 

membranes, i.e., (1) modification of the ceramic membrane surface by organosilane moieties 

followed by the coupling of the polymer and (2) functionalization of the polymer chains by 

organosilane agents prior to their grafting onto ceramic membranes. The latter strategy has 

been used by Tanardi et al. (2016a) for the grafting of various hydrophilic silylated PEG 

agents on mesoporous γ-alumina membranes. PEGs were initially chemically modified by the 
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reaction between amines and isocyanates groups. The silane terminated PEGs solution (3 mM 

in toluene) were then considered to accomplish the silylation reaction between the silane 

terminated PEGs and the mesoporous membrane for 24 h at 110°C, as schematically 

illustrated in Figure 5. 

The effective grafting of PEG moieties to the alumina surface was proven by FTIR and 29Si-

NMR. The degree of self-condensation is about the same for most of the grafting agents. The 

grafting density decreased for PEG with long chain length. 

 

Figure 5. Schematic illustration of the grafting mechanism by (a) the non-self-assembling silylated 

PEG grafting agents versus (b) the self-assembling silylated ureido PEG grafting agents (From 

Tanardi et al., 2016a). 

 

 

5. Application of chemically modified ceramic membranes 

Functionalized ceramic membranes have gained increasing interest for separation and 

purification issues, especially in the context of water purification. The surface of ceramic 

membranes can be easily modified with a plethora of chemical modifiers that provide highly 

flexible and robust solutions for the separation of solutes from complex mixtures with 

enhanced selectivity, permeate water recycling and reuse, as well as improved antifouling 
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properties. Two domains of application of chemically modified ceramic membranes are 

presented in the following subsections. They are (1) desalination using membrane distillation 

method and (2) water/oil separation. 

 

5.1. Water Desalination 

Membrane distillation (MD) is a very useful strategy for water desalination. The method 

consists in a thermally driven separation process of two solutions. The difference of 

temperature between the feed and the permeate generates a water vapor pressure gradient that 

acts as the driving force for the water transfer in the MD process. A three-step mechanism has 

been suggested for the mass transfer based on (1) evaporation of the feed solution and vapor 

formation at the membrane pores entrance, (2) transport of the vapor through the membrane 

pores, and (3) condensation of the vapor at the permeate side. In order to prevent the 

undesirable phenomenon of penetration of the aqueous solutions into the MD pores, non-

wetted hydrophobic porous membranes are required. 

Khemakhem et al. (2013) proposed an air-gap membrane distillation (AGMD) process using 

grafted MF tubular mud/zirconia membrane with 1H,1H,2H,2Hperfluorodecyltriethoxysilane 

(C8) for water desalination as shown in Figure 6. The authors indicated that the modified 

membrane was able to reject salt from oily wastewater with a rejection rate higher than 99% 

and a membrane permeability of 7 L/m2.h.bar. They also found that the change in the salt 

concentration in the feed solution did not alter the retention of salts in the AGMD process. 

Using the same experimental setup, Khemakhem et al. (2011b) found that the C8-grafted MF 

and UF tubular clay membranes were suitable for seawater desalination. They reported that 

the membranes could achieve a permeate flux of 155 and 110 L/m2.day, respectively, with a 

complete removal of salts. 

Similarly, Kujawa et al. (2014b) prepared hydrophobic hybrid titania ceramic membranes 

(300 kD) by chemical grafting of C6F13C2H4Si(OC2H5)3 and C12F25C2H4Si(OC2H5)3 

perfluorinated agents and used the resultant membranes for NaCl removal. The effects of 

operating conditions, namely feed temperature, salt feed concentration, and MD mode 

(AGMD or direct contact MD (DCMD)) on the membrane performance were investigated. 

They showed that a higher permeate flux could be obtained using the membrane grafted with 

a smaller alkyl group (C6) regardless of MD mode, achieving >99% NaCl retention. Under the 

feed temperature of 90°C and salt feed concentration of 2 M, the membrane grafted with C6 

exhibited water flux of 2300 g/m2.h and 2100 g/m2.h for AGMD and DCMD mode, 

respectively. 
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Figure 6. Schematic illustration of air-gap membrane distillation in counter current flow configuration 

(From Khemakhem et al., 2013). 

 

 

More recently, Kujawa et al. (2017) grafted three various non-fluorinated hydrophobic 

coupling agents to TiO2 and Al2O3 ceramic membranes for the AGMD of desalination. They 

observed that the permeate fluxes were in the range of 0.7–4.8 kg/m2.h for tests with pure 

water whereas the fluxes were in the range of 0.4–2.8 kg/m2.h in contact with salt solution. 

Interestingly, all the hydrophobic prepared membranes showed a NaCl retention coefficient 

higher than 98%. 

Derbel et al. (2017) used Tunisian olive oil to chemically modify ceramic UF membranes 

made of MHLP from hydrophilic to hydrophobic. Increasing the contact angle values from 

16° before modification to 121° after olive oil grafting revealed highly hydrophobic 

membranes. This membrane hydrophobization led to a significant decreasing of the water 

permeability from 90 L/m2.h before modification to 7 L/m2.h after modification. Upon 

grafting the olive oil on the UF membrane, 99% salt rejection was achieved using feed 

solution containing 30 g/L NaCl. 

Ren et al. (2015) grafted 0.76 μm alumina planar membranes with fluoroalkyl silane using 

phase-inversion tape casting method for DCMD of water desalination. They tested the water 

desalination performance by exposing the hydrophobic separation layer to different 

concentrations of NaCl aqueous solution (2–6 wt%). They observed that the hydrophobic 

membranes could be operated up to 2 bar. When tested using a salt solution of 2 wt%, the 
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permeate flux was 19.1 L/m2.h under a feed temperature of 80 ºC. The hydrophobic 

membrane achieved >99.5% salt rejection. It is interesting to note that the MD flux exhibited 

a slight decrease when the concentration increased. 

 

5.2. Oil/Water Separation 

Separation of oil and water from stable oil/water emulsions is very challenging because of the 

sub-micrometer size of the oil droplets. Conventional oily wastewater treatment (OWWT) 

processes such as gravity separation, coagulation, thermal de-emulsification, free-floating oil, 

flocculation, and biological treatments show very poor removal of low oil concentrations 

(Zhu et al., 2014). Among the existing oil/water separation membranes, hydrophilic 

membranes exhibited the most effective fouling resistance behavior. As such, chemically-

modified ceramic UF membranes are appealing candidates for oil/water separation. 

Mittal et al. (2011) prepared cellulose acetate-grafted clay ceramic membranes using the dip-

coating method for the treatment of oil-in-water emulsion with concentration of 50–200 

mg/mL. The maximum rejection of 93% was obtained at a pressure of 138 kPa after 41 min of 

filtration using a feed solution with 200 mg/L oil concentration. The membrane water flux 

meanwhile was recorded at 6.66 L/m2.h.bar. 

Gao et al. (2013) grafted four non-fluorinated alkylsilanes (C2, C6, C8, and C16) to Al2O3 

membranes and employed the resultant membranes for OWWT at 0.1 MPa. The separation 

tests of kerosene from water revealed that the hydrophobic coated membranes showed 

improved permeate flux compared to the unmodified membranes (214.9 L/m2.h) and that the 

highest oil flux could be obtained using the C16-modified alumina membrane (668.7 L/m2.h). 

The separation efficiency for the unmodified and the four grafted membranes were 75.4%, 

77.8%, 85.2%, 84.2%, and 84.3%, respectively, which clearly indicates the increase of the 

retention of the modified membrane. 

Hydrophilized ceramic membranes are also found to be useful for the separation of oil and 

water. Chen et al. (2016) designed superhydrophilic ceramic membranes for the treatment of 

oil-contaminated wastewater using in-situ surface membrane modification via the deposition 

of Stöber silica inorganic nanoparticles. The silica nanoparticles top separation layer has been 

obtained by immersion of ceramic membrane supports previously fabricated from a mixture 

of kaolin, quartz, alumina oxide, and corn starch raw materials in a homogeneous silica sol in 

aqueous media in the presence of ammonia as a catalyst. The resultant hierarchical-structured 

silica membrane has been reported to offer excellent separation efficiency for 658 ppm oil-in-
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water emulsion with oil droplet mean diameter of 1.54 μm, achieving >99.95% oil rejection 

under mild pressure-driven conditions (0.1 MPa). 

 

6. Conclusion 

For several decades, ceramic membrane materials have been synthesized using a plethora of 

raw materials and synthetic routes enabling the fine control of both membrane support 

properties and the surface chemistry of the active membrane layer with respect to pore size 

and size distribution, chemical nature, roughness, and hydrophilicity or hydrophobicity. The 

ceramic membrane support affords mechanical resistance for applications under pressure-

driven conditions while the membrane selective layer provides specific separation mechanism 

and wettability properties. However, significant research is still needed related to the 

reduction of the production cost of ceramic membranes, reduction and prevention of 

membrane fouling and pores clogging during cake formation, enhancement of membrane life 

time through efficient cleaning, and regeneration processes. The wide range of potential 

applications of ceramic membranes in the water treatment area will continue to drive research 

in this field forward. Recent studies on surface modification of ceramic supports through 

either structuration with MO nanoparticles or chemical grafting are very promising. The 

former approach allows for the design of asymmetric membranes with finely controlled pore 

size that depends on both the size of the MO nanoparticles and the thickness of the membrane 

layer. A decrease in pore size down to some tens of nanometers gives access to NF process 

that is highly relevant for water and wastewater treatment. In the future, it is expected that 

MO-coated ceramic membranes will be widely applied to the filtration process in combination 

with photocatalysis, preferably under visible light, for the treatment of effluents. We also 

summarized the recent grafting strategies involving Grignard reagents, organophosphonic 

acids, organosilanes, and polymers applied to the robust chemical modification of ceramic 

membrane surface. The covalent attachment of organic moieties on ceramic membrane 

surface ensures the robustness of the coating and enables a change in the intrinsic hydrophilic 

nature of ceramic membranes to make the membrane hydrophobic or in contrast, to enhance 

the membrane’s hydrophilicity. Grafting time and density, together with the type (fluorinated 

versus aliphatic) of the grafting molecules as well as the grafting conditions (in water versus 

organic solvent), and hydrolytic and thermal stability of the bonds are key parameters to be 

considered. Considering membrane hydrophilization, the grafting of PEG derivatives proved 

highly efficient to minimize membrane fouling while hydrophobic modified membranes are 

very promising for MD of water desalination and the separation of oil and water. 
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Section 2 

Polymer-based nanocomposites: focus on heterogeneous catalysts for environmental 

remediation 

 

1. Introduction 

For decades, the development of innovative polymer-based hybrid materials has gone through 

the design of composites made of a polymer matrix reinforced with micrometric particles 

named filler. More recently, growing interest has been focused on the development of a new 

class of composite materials reinforced by sub-micrometric fillers, nanocomposites (NCs) 

(Kojima et al., 1993). The specificity of these nanocomposite materials lies in the specific 

dimensions of at least one of the phases which has one, two or three dimensions in the 

nanometer range that is less than 100 nanometers. The introduction of nanofillers (eg. clay, 

carbon nanotube, NPs, silica nanoparticles, etc.) makes it possible to improve significantly the 

physicochemical properties of the matrix at a moderate cost. 

Since the pioneering report by Theng in 1970 (Theng 1970), development of novel polymer-

based nanocomposites (PNCs) has been attracting growing research effort worldwide, taking 

advantage of the introduction of both components, polymer as performing matrix and 

nanostructures as reinforcing agent, fire retardant providing new promising prospects for 

modern technology (Loos 2015).According to the literature, PNCs are nowadays among the 

most investigated nanomaterials (Figure 7). 

 

Figure 7. Statistics showing the evolution of the number of publications related to nanocomposites: 

(a) pie chart describing the distribution of different types of nanocomposites and (b) the equivalent 

data as presented by Kumar and co-workers in a review article (Kumar et al., 2018). 
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The main benefit of using PNCs is rationalized by the value-added properties provided by 

incorporation of nanofillers as compared to the pristine polymer without sacrificing its 

inherent properties such as processability (Vaia and Wagner 2004; Verdejo et al., 2011). The 

key features influencing the synthesis of PNCs are the size and property of nanofiller as well 

as the nature of the interactions and the interface between nanofiller and the polymer matrix 

(Terrones et al., 2011). 

The most investigated PNCs consist of a polymeric matrix in the form of a homopolymer, co-

polymer, polymer blend, porous polymer combined with nanosized components in the form of 

particles, whiskers, fibres, nanotubes (Miguel-García et al., 2012; Najafinejad et al., 2019; 

Ostovar et al., 2020; Pavlidou and Papaspyrides 2008; Qiu et al., 2019; Snoussi et al., 2018; 

Wassel et al., 2020; Zaferani 2018).  

The large variety of organic and inorganic materials used as nanoscale fillers includes layered 

clay such as montmorillonite (MMT), carbon nanotubes (CNTs), graphene  (G) and its 

derivatives (graphene oxide “GO” and reduced graphene “Gr”), metal oxides (MOs), silica 

and zero-valent metals (ZVMs) (Gam-Derouich et al., 2011; Hu et al., 2014; Mahouche-

Chergui et al., 2010 and 2013; Mangeon et al., 2015; Mukhopadhyay et al., 2019; Saleh et al., 

2019; Sun et al., 2013; Vo et al., 2017a and 2018; Yadav et al., 2019) that proved efficient for 

tuning the properties of the polymer matrices allowing for a wide range of applications. 

Indeed, besides enhancement of thermal and mechanical properties, the use of PNCs has been 

extended to varied applications including drug delivery, packaging, sensors, membranes, 

medical devices, catalysis, pollutants removal. 

 One of the major environmental issues that the modern world is experiencing today is water 

contamination. Pesticide residues (pendimethalin, trifluralin and nitrophenols), nitro-arenes, 

organic dyes, as well as textile and pharmaceutical wastewater (Draper and Crosby 1984; 

Gatermann et al., 1995; Joseph and Mathew 2015a; Kavitha and Palanivelu 2005; Mao et al., 

2014; Wu et al., 2015) are the main sources of water pollution.  

Many of these organic compounds are toxic, carcinogenic, and biologically resistant (Kusic et 

al., 2006; Moussavi and Mahmoudi 2009). Studies have shown that the repeated exposure to 

these pollutants induces organs damage and its discharges in river water and water systems 

causes serious aquatic perturbation, and substantial environmental pollution even at low 

concentration (Khalil et al., 2015; Zollinger 1987). Indeed, effluent treatment by using 

conventional methods (biological and physical–chemical treatments) were ineffective 

especially, at high hazardous chemicals concentration (Ghoreishi and Haghighi 2003; Joseph 
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and Mathew 2015a; Vidhu and Philip 2014). Presently, more efficient and cost-effective 

approaches to treat contaminated water are strongly needed. 

In recent years, the beneficial impact of nanotechnology has undergone significant expansion 

in the field of water remediation (Shih et al., 2010). As a representative example, polymer 

composites with metallic nanoparticles have been developed as innovative nanocatalytic 

materials for novel applications in heterogeneous catalysis (Khalil et al., 2015). 

Heterogeneous catalysis processes based on supported metallic nanoparticles have emerged as 

very appealing methods for large-scale treatment process. These methods exhibit favorable 

features such as high efficiency in dye removal, eco-friendly process, modest energy 

requirement, etc (Turner et al., 2008; Vidhu and Philip 2014). This is largely due to the 

physicochemical properties (surface area and size) and the unique catalytic activities of 

metallic nanoparticles.  

 

2. Graphene-polymer nanocomposites 

In recent years, graphene has emerged as one of the most promising class of nanofiller 

materials to create new PNCs. Moreover, the incorporation of extremely low content of 

graphene has shown efficient to provide significant enhancement in the final electrical, 

physical, mechanical, thermal, absorptive and barrier properties of PNCs (Dai et al., 2016; 

Tan and Thomas 2016).  

Graphene has a very high surface-to-volume ratio, which makes it more advantageous 

compared to other nanofillers (eg. CNTs). In addition, graphene use cost is much less than 

CNTs due to its readily availability, in important quantity, from a graphite precursor (Kuilla et 

al., 2010). However, due to the layered structure, an appropriate surface functionalization of 

graphene sheets is often needed to generate more available surface area and then providing 

additionally physicochemical properties (Kuilla et al., 2010; Tan and Thomas 2016). Due to 

the all above reasons, graphene and graphene derivatives have been broadly investigated in 

the literature (Al-Attabi et al., 2017; Mahouche-Chergui et al., 2013; Sen et al., 2017). 

Consequently, the use of polymer/graphene NCs (GPNCs) has been reported in water 

remediation applications (Alghunaimi et al., 2019; Khan et al., 2017; Mahmoodi et al., 2019; 

Zhao et al., 2011) and also for catalysis purposes (Ameen et al., 2012; Chen et al., 2015; 

Nasrollahzadeh et al., 2020; Saleh et al., 2019; Singh et al., 2018; Zhao et al., 2011). 
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3. Nanoclay- polymer nanocomposites 

As it is well-known, when the mineral clay undergoes a chemical modification with organic 

molecules, the resulting products are called organo-clay. In the science dealing with NCs, 

mixing clay nanopowders with organic polymer phase has emerged as one of the most 

widespread combination to produce nanostructured organoclays. Clay-polymer 

nanocomposites (CPNCs) can be viewed as hybrid materials made form a dispersion of 

lamellar nanoclay such as MMT in a polymer matrix. To the best of our knowledge, there is 

no impediment to modify all mineral clays varieties to improve compatibility with the 

polymeric matrix. Nevertheless, lamellar or layered clays such as MMT are the most 

commonly used clay  

loads for the production of CPNCs (Mohammed 2014; Mukhopadhyay et al., 2019; Passador 

et al., 2017). The incorporation of MMT in polymer was initially reported in the early 1990s, 

by the Toyota research group. In order to synthesize nylon-6 polymer with improved thermal 

and mechanical properties, the potential use of MMT clay as nanoloads has been explored 

during the in-situ polymerization of є-caprolactam (Usuki et al., 1993). Other advantages of 

MMT clay including high specific surface area, cationic exchange capacity and aspect ratio of 

more than 1000 as well as the relatively inexpensive cost contributed to the success of MMT 

for the synthesis of NCs (Mohammed 2014). This has been well illustrated in many research 

works (Kumar et al., 2018; Mahmoodi et al., 2019; Odom 1984; Zhao et al., 2011). In recent 

years, CPNCs have also attracted an important interest because they were applied to the 

synthesis of new sustainable materials for several applications namely WWT such as catalysis 

(Nasir et al., 2019; Unuabonah and Taubert 2014). However, the number of studies dealing 

with the use of clay-polymer nanocomposites for water treatment applications remains limited 

(Sadjadi et al., 2020, Saleh et al., 2019). 

 

4. Metal nanoparticles-polymer nanocomposites 

4.1. Synthesis of metal nanoparticles-polymer nanocomposites 

Synthesis method, nanocatalyst stability and size of NPs are the main characteristics to be 

considered for enhanced catalytic activity in the degradation of organic pollutant (Snoussi et 

al., 2018; Vidhu and Philip 2014). In this respect, metal NPs-containing polymeric 

nanocomposites have also received much consideration in recent years due to favorable role 

of polymer matrices to provide high catalyst stabilization and control over the size of metal 

NPs (Li and Cooper-White 2013; Snoussi et al., 2018; Zhao et al., 2011).  
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Synthetic approaches can be categorized into physical, chemical, photochemical and 

biological methods for the preparation of metallic nanocatalysts (Dhand et al., 2015; Joseph 

and Mathew 2015b; Khanna et al., 2019; Mao et al., 2014). All these methods have been 

successfully reported for the synthesis of a wide range of shapes and morphology of metal 

nanocrystals including, spherical (Vidhu and Philip 2014), nanowires (Pei et al., 2004) 

nanoplates (Sadeghi et al., 2009), core-shell (Snoussi et al., 2018), nanoflower (Mao et al., 

2014) and other architectures (Chen and Liu 2011). Also, in-situ (Mahouche-Chergui et al., 

2013) or ex-situ (Iwan et al., 2015) synthesis strategies can be implemented for the 

incorporation of the NPs into the host polymer matrices. In typical experiments, NPs 

immobilization within the bulk or at the surface of the polymer matrix occurred through the 

presence of sensitive complexing groups (ionic, electrophile or nucleophile sites) (Khalil et 

al., 2015; Mahouche-Chergui et al., 2013) providing a robust anchoring of the metal NPs.  

Furthermore, the main benefits of the in situ synthesis method are the short reaction time, 

lower energy consumption and mostly the potential influence of the host polymer matrices on 

the properties of the final nanocomposite (nanosized and uniform dispersion of NPs tightly 

bonded onto the sorbents) (Ghosh et al., 2003; Khalil et al., 2015; Li and Cooper-White 2013; 

Zhao et al., 2011). Accordingly, impregnation of the polymer with metal nanoparticles 

precursor ions followed by chemical reduction of the said metal ions (in presence of a 

reducing agent and stabilizing agents) are the main two steps of nanoparticle in situ synthesis 

(Nasrollahzadeh et al., 2019; Poupart et al., 2017; Snoussi et al., 2018). Hither, initial 

chemical modification of the polymer is usually performed to provide functional groups with 

high affinity that act as anchors for the in situ synthesized NPs (Ghosh et al., 2003; 

Mahouche-Chergui et al., 2013). 

Functionalized polymers having functional groups are suitable materials for immobilizing 

metal nanoparticles. (Basheer et al., 2020; Li et al., 2007; Mahouche-Chergui et al., 2013).  

Epoxy-containing monomers, such as glycidyl methacrylate (GMA) have attracted a lot of 

attention as functional monomers (Gokmen and Du Prez 2012; Marković et al., 2017; 

Stefanović et al., 2015). According to Grochowicz et al. (2018) and Hwang et al. (2013), the 

exceptional interest on such monomer is originated not only from its lower cost compared to 

other monomers but also due to its dual functionality, allowing for the synthesis of 

crosslinked and functional materials (Rahman et al., 2012). 

Interestingly, the presence of the reactive epoxy groups permits several modification 

opportunities on the initial polymer (Gokmen and Du Prez 2012). Additionally, the easy 
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functionalization by epoxide cycle opening allows the possibility of unlimited ligands grafting 

ways with: e.g., imine, thiol, pyrazole and amino group (see Figure 8). 

The use of the appropriate organic ligands allows creating polymer reactive functions such as 

amines (R3-N, R2-NH, R-NH2), thiol (-SH) carboxylate (O=C-O-) capable of serving as 

chelating groups to immobilize MNPs (Pd, Au, Ag, Ni, etc). Importantly, many investigators 

have proved the high capacity and selectivity of ethylenediamine (EDA), diethylenetriamine 

(DETA), triethylenetetramine (TETA) and iminodiacetic acid (IDA) as promising organic 

modifiers towards grafting complexing groups on polymers (Hwang et al., 2013; Maksin et 

al., 2012; Malović et al., 2007; Nastasović et al., 2004a and 2004b). The so-designed 

functional polymers exhibited high selectivity toward heavy metal sorption. 

 

 

Figure 8. Some various epoxy-GMA grafting using realties ligands (From Gokmen and Du Prez 

2012). 

 

 

The development of supported and recyclable catalysts is still considered as a significant 

challenge in catalysis chemistry. Many specific approaches are commonly documented in 

literature to prepare MNPs for the development of robust heterogeneous catalyst. Most 

commonly in heterogeneous catalysts, noble and transition metals are immobilized onto the 

matrix surface by the chemical colloidal method. This method presents the advantage of being 

inexpensive and handier than other NPs synthesis procedures. It can be simply carried out in 

aqueous or/and organic phase and consist of two easy impregnation and reduction steps. 
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However, two main ways have been reported to date in the literature, referred to as ex-situ 

and in-situ ways. Regarding the in-situ approach, MNPs catalysts are synthesized by 

impregnation of metal salt precursor on the polymer surface and the subsequent reduction 

(NaBH4 being the most used reducing agent) onto the polymer matrix utilizing the reduction 

process. As previously mentioned, reactive polymers with accessible functional groups 

(amines, thiols, cyanos, and carboxylic groups) may easily designed to ensure specific 

interactions with the metal in its ionic or reduced. The morphology as well as the size 

distribution of NPs can be controlled by the reduction kinetics (processing and concentration 

of both reducer and precursor) and the stabilizer nature (chelating ligand). 

 

4.2. Application of metal nanoparticles-polymer nanocompositesin bulk 

heterogeneous catalysis 

Today, the actual ever-growing challenges for the water resources protection are multiple and 

already touch many areas such as the treatment processes of polluted water. Interestingly, 

metal nanoparticle-polymer nanocomposites provide innovative and appealing solutions in the 

field of organic pollutant degradation for water and wastewater remediation (Najafinejad et 

al., 2019; Snoussi et al., 2018; Wassel et al., 2020). Of particular importance, one may cite the 

implementation of PNCs with high catalytic activities based on the incorporation of 

catalytically active monometallic and bimetallic NPs Au, Pd, Ni, Au/Ag, Pd/Cu, etc.) (Zhao et 

al., 2011). 

Snoussi and colleagues have developed catalytic core/double shell NCs based noble MNPs 

immobilized on polypyrrole functionalized mesoporous silica to catalyze the degradation of 

hazardous nitroaromatics and dyes (Snoussi et al., 2018). 

Throughout the recent years, porous monolithic polymers have been used as versatile 

platform for MNPs immobilization. Such composite materials appeared as an appealing 

material for the quick catalytic removal of Eosin Y dye in aqueous solution (Poupart et al., 

2017). In addition, Khalil et al. have reported recently  the catalytic reduction of various 

nitrophenols molecules using monolith-supported Au catalysts (Khalil et al., 2015)., 

Heterogeneous supported catalysis prepared through immobilization of MNPs on monoliths 

have been widely reported in the literature (Lee and Chang 2020; Liu et al., 2017; Poupart et 

al., 2016 and 2019; Tripathy et al., 2017).  
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5. Characterization of polymer-based nanocomposites 

To establish correlated conclusions about structure-property relationships, thorough 

characterization of morphological, structural and physic-chemical properties of PNCs 

materials is strongly requested. Then, a large variety of instrumentations and characterization 

methods have been reported in literature in order to identify pristine materials and the 

produced NCs as well as to control the different stages of synthesis or chemical modification. 

This include, X ray diffractometry (XRD), atomic force microscopy (AFM), Fourier 

transformed infrared spectroscopy (FTIR), X ray photoelectron spectroscopy (XPS), nuclear 

magnetic resonance (NMR), thermogravimetric analysis (TGA)/differential thermal analysis 

(DTA), scanning and transmission electron microscopy (SEM/TEM), etc. 

To examine the level of dispersion of the filler and the overall morphology, SEM and TEM 

are usual strongly suggested. The SEM provides images of the materials at the micro- and 

nano-metric scale. This technique can provide insight and information on the state of 

dispersion, the size range of the nanoparticles and their distribution into the polymer phase. It 

is very informative to check the interaction between the filler and matrix by studying 

fractured samples.  

TEM allows understanding of the internal structure and the view of structural defects through 

direct visualization. TEM is also very helpful to determine size and distribution of 

nanoparticles in the polymer matrix and the number of nanofillers layers (thickness) at low 

nanometric scale. However, TEM only gives qualitative information about the entire sample, 

while the wide-angle peaks obtained by DRX allow quantification of changes in 

nanostructures such as for instance the d-spacing between filler layers. The complete 

exfoliation of layered fillers inside the polymer matrix and the arrangement of atoms in 

networks can be traced by XRD. On the other hand, XRD studies have been used in the field 

of hybrid nanostructured materials for the distinction of the crystallite from amorphous phases 

in some PNCs. 

FTIR spectra are very informative to understand the oxidation, reduction, polymerization and 

functionalization processes. It is very convenient for identifying characteristic functional 

groups and then to exhibit a great control of different modification stages. 

The coupled TGA/DTA analysis is a thermal analysis technique for proving thermal effects 

studied throughout a temperature range or time cycle at controlled atmosphere on the mass 

loss and thermal transitions of a material. Thus, this technique makes it possible to study the 

thermal stability of a material and to determine the load extent and organic grafting rates. 
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6. Conclusion 

In this section, we briefly discussed recent advances in nanocomposite materials made from a 

combination of polymers and nanoparticles such as clay graphene and metal nanoparticles. 

Polymers-clay nanocomposites have been mainly developed for the production of materials 

with enhanced mechanical and thermal properties while graphene-based polymer composites 

are promising with regard to their electrical properties. Metal nanoparticles- polymer 

nanocomposites have been the most widely investigated for catalysis applications thanks to 

the unique catalytic activity of nanometals. The design of robust polymer-supported metal 

nanoparticles heterogeneous catalysts can be obtained through the specific chemical 

modification of the polymer with chelating groups enabling the robust anchoring of the metal 

nanoparticles. It can also be mentioned that MNPs have also been supported on other 

substrates than polymer for applications in catalysis for the reduction of organic effluents 

(Feng et al., 2019; Louisia et al., 2018; Yu et al., 2019Corma al., 2005; Zhang et al., 2010; 

Alshehri et al.,2016; Fu et al., 2018; Li and Cooper-White 2013; Wang et al., 2013). 
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Section 3 

Hybrid catalytic separation process for continuous and simultaneously water 

remediation in membrane reactor 

 

1. Introduction 

Since 1960s, Membrane Reactor (MR) has been introduced as a concept for the membrane 

technology intensification (Cassano et al. 2013; He et al. 2018; Szegner et al. 1997) 

Generally, different attempts have been made in the literature to specify a definition to the 

membrane reactor. The main definition, according to the IUPAC (International Union of Pure 

and Applied Chemistry), presents the MR as a device for simultaneously combination of both 

membrane separation and a chemical reaction in a single apparatus (Koros et al. 1996). 

Therefore, the MR is classified as a multidisciplinary subject, at the frontier of several 

research area that mainly requires the connection between membrane separation, materials 

sciences, catalysis and chemical engineering (Dalmon et al. 2007; Das and Bose 2017; Jiang 

et al. 2013; Julbe et al. 2001; Koros et al. 1996; Szegner et al. 1997). 

The interest on membrane reactors (MRs) has been hugely studied not only at the laboratory 

scale (Oxidation reactions, hydrogenation, purification and decomposition), but also adopted 

for several industrial activities (Das et al. 2012; Hai et al. 2013; Kemmere et al. 2001; 

Molinari et al. 2013; Palo et al. 2018; Takht Ravanchi et al. 2009). 

The catalytic reaction integration in the MR provides the improvement of the conventional 

membrane processes. In such hybrid system, the CMs and catalysts are considered the basis of 

this enhancement of process efficiency in terms of selectivity, kinetic and total conversion 

yield (Das and Bose 2017; Dittmeyer et al. 2008). Nowadays, for the evident need to avoid 

the high cost and maintain the benefic properties, low-cost materials (clay, mud, zeolite and 

others) were strongly suggested in membrane fabrication, especially used in CMs systems 

(Guesmi et al., 2020; Oun et al., 2017; Sahoo et al., 2016; Tan and Li 2015).  

It is highlighted in literature that coupling membrane filtration with heterogeneous catalysis 

reaction in single device for the polluted water treatment may intensificate the process 

performance (Dotzauer et al., 2006). Currently, hybrid process is strongly progressed and 

widely proposed as promising technology for wastewater remediation and water recycling 

(Adham et al., 1991; Hammami et al., 2017; Tomaszewska and Mozia 2002). 

In this work, the efficient method for water and wastewater treatment by using hybrid 

treatment system in ceramic membrane reactor has been revealed. Further, amplified filtration 
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performance by the ceramic membrane was due to the integration with the catalytic reduction 

reaction that provided by nano-sized catalyst.  

 

2. Membrane reactor configurations 

Several research works have classified the membrane natures according to the combination 

way between membrane and catalysts (Coronas et al. 1999; Julbe et al. 2001; Li 2007). 

Generally, the relative placement of the catalyst with respect to the membrane includes three 

possible combinations as shown in Figure 9. Here, the catalyst is physically separated from 

the membrane (Figure 9a), the membrane itself is catalytically active (Figure 9b) and the 

membrane is loaded with catalyst (Figure 9c). 

 

 

Figure 9. Coupling of the membrane with catalysts: (a) pellet catalyst on an inert ceramic membrane, 

(b) inherently catalytic membrane and (c) catalyst integrated into the pores of the membrane (From Li 

2007). 
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Few years ago, Jiang and co-workers developed a new concept of integrating of separation 

and heterogeneous catalysis processes in a simple design (Jiang et al. 2013). Quite often, side-

stream membrane reactor is the most widespread used configuration. Additionally, the 

presence of the suspended catalysts in the reaction tank avoid considering whether the 

materials of such membrane is inert or exhibit a catalytic activity. In such way, the ceramic 

membrane (CM) and the reactor are connected in series (Figure 10). Then, an operational 

approach of coupling membrane separation with heterogeneous catalysis can easily achieved 

by circulating the catalysts loaded feed into the system. 

 

Figure 10. Side-stream membrane reactor (SSMR) configuration (From Jiang et al. 2013). 
 

 

3. Ceramic membrane function in membrane reactor 

The implementation of the SSMR involves the use of uniform (Wang et al., 2008) or 

composite (Choudhury et al., 2018) ceramic membrane with symmetric (Saja et al., 2018) or 

asymmetric structure (mono, bi or multilayered) (Alem et al. 2009; Ebrahimi et al., 2010; 

Fard et al., 2018; Oun et al., 2017). Moreover, several ceramic membrane configurations are 

widely famous for possible applications in SSMR particularly tubular mono or multichannel 

(Choudhury et al., 2019 and 2020; Oun et al., 2017), planar discs (Saja et al., 2018), hollow 

fibers and monolithic multi-channel geometries (Hsieh 1996; Nath et al. 2012). As it is 

known, selectivity and permeability are considered as the main interesting characteristics of 

the membrane separation technology (Das and Bose 2017; Osegueda Chicas 2013). Hence, 

efficient catalytic-separation treatment into the SSMR is strongly dependent to various 

parameters such as membrane porosity, mean pores size and filtration layer(s) thickness as 

well as the membrane materials (Osegueda Chicas 2013; Szegner et al. 1997). Furthermore, 

these parameters define the transport mechanisms through the membrane and the nature of 
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interactions between the membrane materials and the feeding compounds. On one hand, the 

better performances (permselectevity and reaction rate) implies a higher and stable 

permeability and controllable selectivity. On the other hand, lower cost and longer lifespan 

(reuse cycle number) could be very much appreciated. All these key factors are considered as 

the highlights of this hybrid process that appear as attractive for the heterogeneous catalysis in 

CMRs (Das and Bose 2017; Ertl et al., 2008; Hsieh 1996; Jiang et al., 2011; Julbe et al., 2001; 

Lu et al., 2008; Mozia 2010; Chen et al., 2009a) and especially in organic pollutants removal 

from water as well as WWT (Ahmad et al., 2018 and 2019; Chang et al., 2019; Dumée et al., 

2017; Lan et al., 2020). 

 

4. Surface modification of ceramic membrane 

For further effective applications of CMs, particular attention should be focused on membrane 

adhesion, selectivity, hydrophobicity, mechanical property, thermal and chemical stability 

(Takagi et al., 2000; Tsuru et al., 2001).  

In order to satisfy these required conditions, ceramic membrane surface may be modified with 

the intention of enhancing separation performances (Zaman et al., 1994). Generally, for CMs 

that did not presents catalytic activity a possible surface modification suitable for more 

demanding separation applications can be realized with several materials and methods. In 

fact, the modification processes encompass two main ways: (Nano)structuration by thin layer 

deposition and chemical surface grafting. 

 

4.1. Surface pre-treatment 

In most cases, surface modification can only be employed when the membrane undergoes a 

surface pre-treatment (Chen et al. 2013; Kujawa et al. 2020; Liu et al. 2017; Menne et al., 

2016; Tanardi et al., 2016). There are four main considerations for ceramic membrane surface 

pre-treatment process. Firstly, it is judicious to clean and degrease surface from dust and any 

other contamination, which can limit deposition of the active layer (inert or catalytic coating). 

Secondly, surface cleaning allows removing impurities to increase the available specific and 

top surface area for better contact with the pollutant to be treated. Furthermore, this procedure 

aims to provide a sufficient number of active sites (e.g., hydroxyl group) capable to ensure 

chemical modification and enhance grafting rate. Finally, the pre-treatment step leads to 

improve the adhesion of coatings in order to achieve the full potential for immobilization of 

the catalyst (Tanimu et al., 2017).  
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Various methods have been used for pre-treatment involves oxidation by using plasma, 

ozonation, anodic and chemical oxidation such as piranha solution (Da Silva et al., 2020) as 

well as chemical treatment by acetone, alcohol and in an alkaline medium (Kujawa et al. 

2020; Zhang et al., 2017). UV radiation (Tanimu et al., 2017) and ultrasonic cleaning (Zhang 

et al., 2017) can be also used for ceramic surface treatment. Da Silva et al. (2020) used 

Piranha solution (3:1, v/v, 99.99% H2SO4/ 99.99% H2O2) for chemically modification of tape 

casted-zirconia membranes with 3-aminopropryl triethoxysilane (APTES). Similarly, Lv and 

co-workers showed that before modification porous ceramic surface were activated with 

gently boiling Piranha solution (3:1, v/v, 98% H2SO4/30% H2O2) for 20 min. Then the sample 

was amino-grafted with APTES silane after being washed with ultrapure water (Lv et al., 

2009). In other research work, Zhang et al. (2017) suggested for the preparation of TiO2–

loaded CM, an ultrasonic cleaning of ceramic Al2O3-substrate for 30 min in an equal volume 

ratio of mixing solution of deionized water, acetone, and 2-propanol.  

Efficiency of surface pre-treatment processes has been sufficiently presented in literature 

reviews. Several authors evaluated and justified enhanced adhesion after pre-treatment 

methods. To the best of our knowledge, anodic oxidation is particularly useful on titanium 

and aluminium surfaces to generate hydrophilic titania and alumina surface (Haas-Santo et al., 

2001). In the same context, Glazneva et al. (2007) have proven that 2 h of UV radiation of a 

titanium substrate permit to produce a super hydrophilic titania layer which provide a better 

adhesion with a deposited silica film. Gu and al. (2019)suggested an improved adhesion of the 

Graphene Oxide (GO) modified ceramic Al2O3-membrane layers. Alumina layer surface has 

been activated by ultrasonic treatment in water followed by cleaning in 30% hydrogen 

peroxide for 10 min. Thus, the hydroxyl groups onto the alumina surface have been increased. 

Consequently, stable interfacial adhesion between GO and coated ceramic surface via a 

chemical-grafting has been achieved. 

 

4.2. Modification by (Nano)structuration and chemical grafting 

The membrane modification by(Nano)structuration mechanism aims to active layer 

deposition. This involve various coating technics including centrifugal casting (Bouzerara et 

al., 2015), slip-casting (Oun et al., 2017), dip-coating (Mittal et al., 2011), spin-coating 

(Bouazizi et al., 2017), sol-gel (Gaber et al., 2013), atomic layer deposition (ALD) (Li et al., 

2012), molecular layer deposition (MLD) (Song et al., 2016), chemical vapor deposition 

(CVD) (Chi et al., 2020; De Haart et al., 1991; Han et al., 2013), electrochemical vapor 

deposition (EVD) (De Haart et al., 1991) and plasma chemical process (PCP) (Ida et al., 
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2000). This large variety of established coating technics for the ceramic membrane 

modification may occurred on gas, vapor or liquid phase. However, the deposited layers may 

be made of single or mixed materials. The coating process can be done once or repeatedly. In 

addition, surface coating of the same membrane is possible by several coating methods (De 

Haart et al., 1991). 

The chemical grafting strategy includes the integration of a very large number of organic 

compounds capable of being covalently bound to the ceramic surface due to the surface 

functions initially existing on the membrane. For example, chemical modification can include 

ceramic membrane surface grafting by Grignard Reagents, Organophosphonic Acids, 

Organosilanes and Organic Polymers (Hosseinabadi et al., 2011; Kim, et al., 2010; Kujawa et 

al., 2015 and 2020; Kumar et al., 2016; Mittal et al., 2011; Mustafa et al., 2014 and 2016; Oun 

et al. 2019; Randon et al., 1995).  

The main membrane nanostructuration processes and chemical grafting ways that received 

attention is the ceramic membrane surface modification was enough elaborated in section 2 of 

this chapter. 

 

4.3. Catalytic and catalytically active ceramic membrane 

Ceramic membrane can be surface modified for strengthening the catalytic function. For such 

reason, many approaches have been strongly suggested to be suitable. Firstly, an appropriate 

approach aims to synthesize an inherently catalytic membrane (Das and Bose 2017). Here, the 

selective membranes are made from (LaOCl) (Chanaud et al. 1995) or mixed oxides (such as 

VMgO and VPO) (Cot et al. 2000; Farrusseng et al. 2000).  

Secondly, the catalytic activity can be achieved by deposition of a membrane layer doped 

with catalytically active materials or the catalysts are dispersed into the membrane matrix 

(Reif et al., 2003; Tereshchenko et al., 2009; Zaman 1994; Zhang et al., 2016; Zou et al., 

2020). From another side, a great deal of progress in the catalytically active membranes has 

been tightly mentioned in the MR manufacturing. To realize this approach, Raman et al. 

(1993) have suggested two wet ways for rhodium metal particles dispersing onto a composite 

silica membrane. The first way allows the impregnation of the inert membrane in a metal-

organic precursor solution. Then, the impregnated CM was brought to calcination, to remove 

organic matter, followed by reduction reaction to reduce the catalysts to the metallic 

nanoparticles state (Bottino et al. 2002; Champagnie et al. 1992; Cini et al. 1991; Harold et al. 

1989; Perez et al. 2001; Tsotsis et al. 1992; Uzio et al. 1991; Ziaka et al. 1993). The second 

way permits to produce catalysts organo-bounded with the CM. Thus, the ceramic membrane 
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surface was chemically treated with grafting process by using, commonly, silane-coupling 

agents (Chen et al. 2013; Du et al. 2015; Jiang et al. 2014; Li et al. 2013; Miao et al. 2019) as 

well as polymers (Dotzauer et al. 2006; Liu et al. 2017; Wales et al. 2016). After that, 

modified membrane was impregnated in precursor solution of metallic catalyst before reduced 

under hydrogen flux (Perez et al. 2001; Uzio et al. 1991) or in an alkaline solution such as 

hydrazine hydrate (Li et al. 2013; Peng et al. 2016).  

In general, no matter which process is selected for modification of the ceramic membrane 

surfaces, the modified membranes exhibit a very much benefits in comparison with that 

unmodified, in terms of performances and lifetime. The clear advantages improved and 

generated by modification processes that exist in the resulting membranes are numerous and 

concerns the: i) increase of membrane stability, ii) promote the preferred permeation, iii) 

control both of hydrophilicity and hydrophobicity, iv) reinforcement of the selectivity versus 

specific components, v) ensure antifouling properties and vi) increase degradation rate by 

catalysis reaction integration. 

As a result, there is currently a considerable level of applications of these membranes, in the 

CtCMR for an efficient treatment of polluted water including industrial wastewater (Ahmad et 

al., 2018; Chang et al., 2019; Dumée et al., 2017; Meng et al., 2013; Yan et al., 2015). 

For a better comprehensive explanation, the evolution of membrane performance with and 

without modification should compared. Therefore, the influence, of pore size and membrane 

porosity to achieve optimal permeation, as well as the membrane thickness and manufacturing 

materials on the permeate transport mechanism and fouling behavior have been studied. The 

statistically interpretations of the modified characteristic parameters with improving the 

efficiency of catalytic separation will largely developed in the following section. 

 

5. The Synthesis strategy adapted in this work 

In front of the diversity of wastewater purification and treatment processes and techniques, 

the selection and set up of a good choice of the treatment strategy remains a critical step.  

This depends on the one hand, on the compliance of discharge regulatory standards in force, 

and on the other hand, on the economic aspect which corresponds to reducing as much as 

possible the quantities of discharged water and the toxicity of subproducts generated and its 

impact on the environment. 

Currently, membrane processes and heterogeneous catalysis are presented as suitable 

solutions to solve this problem due to their efficiency, low energy consumption and simplicity 

of operation. 
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Within the framework of this work, we envisage the development of an original approach 

combining heterogeneous catalysis with membrane filtration to achieve a new hybrid 

treatment process of catalytic filtration of wastewater. 

This concept allows to expand the field of application of membranes to improve the quality of 

treated effluents, which simultaneously satisfy environmental, legislative and economic 

requirements. 

One of the expected consequences of this strategy is to obtain multitasking materials with 

improved properties compared to individual components which, for example, are able to 

separate and degrade pollutants, resist to fouling and harsh effluent conditions, at the same 

time, having good stability to be reused in the long term. 

In this context, catalytic hybrid materials based on metallic NPs immobilized on hybrid 

platforms functionalized by chelating groups and tubular ceramic membranes based on local 

materials at low cost have been synthesized. 

Therefore, various synthesis strategies of asymmetric ceramic membranes and catalytic hybrid 

materials have been adapted in the present work. 

5.1. Synthesis of powdered nanohybrid catalytic materials 

Regarding the catalytic hybrid materials, two synthesis methodologies have been developed: 

- The first consists to prepare purely synthetic organic monoliths with microspheres. 

The synthesis of the monoliths was carried out by radical photopolymerization of a reactive 

monomer (Glycidyl methacrylate, GMA) copolymerized with a crosslinking agent (ethylene 

glycol dimethacrylate, EGDMA) in a porogenic solvent mixture consisting of 1-decanol and 

cyclohexanol and in the presence of 2,2′-azobisisobutyronitrile (AIBN) as photoinitiator. 

Then, this approach consists in the functionalization of chemical groups of the monolith 

obtained by covalent grafting of molecules of iminodiacetic acid (IDA) and ethylenediamine 

(EDA) having complexing groups of -COOH and -NH2, on which metallic NPs of Au and Ni 

were immobilized. 

- As for the second strategy, two types of nanostructured catalysts based on natural 

materials have been developed, such as the clay-based nanocomposites grafted with PGMA 

polymer chains and the graphene of sugar/clay nanomaterials organo-modified through (3-

glycidyloxypropyl) trimethoxysilane (GPTMS) and tris(4-hydroxyphenyl)methane triglycidyl 

ether. 

Regarding theses hybride catalysts materials, the synthesis strategy is as follows: 
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Initially, the pristine materials undergo a surface activation step in order to generate reactive 

groups and then chemically modified by coupling agents, before being grafted by 

photopolymerization of the polymer chains of GMA via covalent bonds. 

In order to confer to the obtained nanocomposites complexing properties of metals, the epoxy 

functions were functionalized by cycle openings to generate complexing functions of primary 

amine and carboxylic acids able to immobilize the NPs after the reduction of the ions of 

precursor metal salt under the effect of NaBH4 solution. 

 

5.2. Fabrication of nanostructured ceramic ultrafiltration membranes 

Regarding ceramic membranes, we proposed two manufacturing strategies which resulted in 

three families of asymmetric ultrafiltration membranes. 

- The first strategy constitutes a realization in two stages: 

First, a robust macroporous support from natural clay and phosphate which ensures the 

mechanical strength of the final material was developed. 

Initially, the mineral powders with determined particle size are dry mixed with organic 

additives and then rigorously mixed with the gradual addition of water for better formulation 

of the ceramic paste. Later, this plastic paste has been shaped by the extrusion process. 

Afterwards, the green tubes undergo a slowly drying in ambient air and finally, calcined at 

high temperatures which allow the consolidation of the support. 

In a second step, a thin separating layer is synthesized by using slip casting and dip coating 

techniques. 

These techniques consist of the nanostructuring of the membrane by deposition, on the 

internal face of the support, of a homogeneous suspension of titanium dioxide nanopowders 

stabilized in an aqueous solution of polyvinyl alcohol in the presence of dolapix CE64 as 

deflocculant. 

Finally, a second sintering process high temperature allows the cohesion of the membrane 

layer and its adherence with the support and then obviously defines the final membrane 

porosity. 

- In a second approach, we have developed an original strategy for synthesizing new 

low-cost asymmetric membrane through the layer-by-layer coating coupled to co-sintering 

method. 

According to this strategy, tight ultrafiltration bilayer ceramic membrane was developed by 

deposition of two separation layers on the inner surface of the dry substrate in phosphate 

using the dip-coating technique twice in a stable suspension of titanium dioxide for 60s each. 
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Finally, a co-sintering process consists of a single heat treatment at 800 °C, the densification 

and consolidation of the matrix (from phosphate mud) and membrane structures as well as 

ensuring adhesion between the different layers. 

 

6. Membrane reactor study 

Use of membrane reactors, which combine reaction and separation in one unit operation, has 

been recognized to control the integration of the permeation process into chemical reaction. 

To enhance the reaction yield and selective permeation through a membrane, Coronas and co-

workers have comprehensively investigate this integration in such hybrid process (Coronas et 

al. 1999). In that work, the authors presented the main developments on the inert and catalytic 

ceramic membrane (ICM and CtCM) for membrane reactor process (MRP). 

Nowadays, the functional integration (catalyst-membrane) presents a promising and 

innovative solution in environment remediation. Hence, a great success having been proven 

particularly in the control of water pollution (Bassyouni et al., 2019; Buruga et al., 2019; Fard 

et al., 2018; Kumar et al., 2017; Lu and Ballauff 2016; Nasir et al., 2019; Poupart et al., 

2017). Unfortunately, there is few researches works related to the use of both catalysts and 

porous ceramic membranes (PCMs) for simultaneously water purification.  

In this work, the attention has been focused on the feasibility of using SSMR as a hybrid 

system for continuous catalysis-separation process by using ceramic membrane and nanosized 

powdered catalyst. Figure 11depicts the diagrammatical representation of the experimental 

setup according to the side-stream mode. 

This device mainly consisted of a reaction tank, a ceramic membrane module, feeding and 

permeate collecting system as well as pressure and temperature control systems. The reaction 

tank was made of stainless steel with a working volume of 2 L, which was equipped with an 

internal thermocouple and an external heater for temperature control. The ceramic membrane 

placed into a membrane module and sealed with stainless steel and connected to the 

permeation outlet valve. Working pressure in the both extremities of the membrane (feed and 

retentate sides) was monitored by equipped the system with an air compressor and pressure 

gauges. 
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Figure 11. Schematic diagram of catalysis/separation system in SSMR (1) Reaction tank (2L), (2) 

Feed pump, (3) Membrane module, (4) Air compressor, (5) mechanical stirrer, (6) Feeding system, (7) 

Feed entry, (8) Retentate, (9) Permeate, (10) Permeat collecting system, (11) Catalysts, (12) 

Membrane sealing "Steel", P1–P2: Pressure gauges, V1–V6: Valves and T: Temperature indicator and 

controller. 

 

 

The effluent solution and suspended catalysts from the feed tank were violently stirred then, 

driven into the ceramic membrane using a circulation pump. In this hybrid experimental 

process, catalysis takes place initially in the feed tank. Subsequently, equal pressure, at both 

extremities of the membrane, was applied in the attempt to remove pollutants through 

continuously separation and catalysis reaction and push out permeation (Zhong et al., 2007). 

Thereby, as shown in Figure 12, when applied SSMR for wastewater treatment, the 

membrane side brought directly into contact with the initial effluent introduced by feed tank is 

the “feed side”. However, the side from where the treated feed penetrates trough membrane 

structure then collected is referred the “permeate side” (outer side/surface of membrane). 

Otherwise, in the cross-flow filtration, the opposite of feed side, from where the concentrate 

feed return to the reaction tank is the “retentate side”.  
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Figure 12. Schematic diagram of membrane sides for (a) tubular configuration: cross-flow filtration 

and (b) planar configuration: dead-end filtration. 

 

 

To make membranes suitable for more demanding variety of applications, the different 

classes of membrane filtration can be integrated. In general, microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) are largely used for 

emerging contaminations removal from water (Figure 13). 

Many large-aspects give rise to the applicable membrane filtration class that determine the 

contaminant type that can be retained (Schäfer et al., 2011; Simmons et al., 2011). Very often, 

the aspect that received attention involves the membranes features such as pore size, surface 

charge and hydrophobicity (Rodriguez-Narvaez et al., 2017). Moreover, to increase the 

transport rate of permeate and inhibit a possible fouling behaviors, a pre-treatment process 

can be undertaken. In that case, MF is widely used because it can be taking place at low 

pressure (Lu and Liu 2010). In addition, a pre-treatment by MF leads to remove suspended 

solids (SS) and high molecular weight solutes. Then, an accurate measurement of emerging 

contaminants in water will be easily considered (Rodriguez-Narvaez et al., 2017). 
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Figure 13. Membrane filtration processes displaying and representative water contaminants removed 

according to pore size range (From Meng et al., 2015). 
 

 

 

Likewise than for the membrane, nanocatalysts is of especial importance in the development 

of stable and efficient operations of membrane reactor. As long as the nanocatalyst exhibit a 

long-term stability and high catalytic activity, a significant progress can be achieved for water 

purification in the membrane reactor. For that, Zhang and coworkers have investigated the 

leaching properties of the catalyst with a durability tests during the organic pollutants removal 

from water in MR by continuous catalysis-separation (Zhang et al., 2011). Hence, one of the 

main functions of the membrane may also be the retention of the heterogeneous catalysts from 

the residual reaction mixture. This concept may be realized either by immobilizing the 

catalyst on the membrane surface or by a membrane filtration for the suspended 

heterogeneous catalyst (Westermann and Melin 2009). Consequently, the synergistic effect 

between reaction and separation have been well manifested which prove the significant 

benefit of using heterogeneous catalysis in CMR. 
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7. Applications in water pollution removal 

Use of membrane reactors concept for polluted water purification can typically be applied for 

hydrogenation (Chen et al., 2016; Liu et al., 2017; Liu et al., 2018; Liu et al., 2020) or 

oxidation processes (Ahmad et al., 2017; Alpatova et al., 2013; He et al., 2018; Kang et al., 

2019; Luo et al., 2018; Pedrosa et al., 2019; Trinh and Samhaber 2016; Wang et al., 2018; 

Zhao 2013; Zhang et al., 2011; Zhang et al., 2016; Zhu 2013). Thereby, coupling of 

membrane technology with various catalytic reactions have proven promising results in view 

of the progress in the development of ultrafine and nanosized hybrid catalysts.  

In the present work, the applications of hydrogenation processes are taken as main reaction 

model to investigate catalysis enhanced-filtration in continuous system. In order to discuss the 

significant effectiveness of the hybrid process, hydrogenation reaction in membrane reactor 

like catalytic reduction of nitrate existing in water (Aran et al., 2011 and 2012; Reif and 

Dittmeyer 2003) and organic water pollutants such as nitroarenes (Xu et al., 2019; Dotzauer et 

al., 2006) and dyes (Jia et al., 2014) has been reviewed here. 

Generally, it is difficult to specify the exact contribution of catalyst and membrane in the 

resulting coupling process. Alternatively, the aim behind this concept is to attain full 

conversion of the pollutant and to avoid its slippage out through the membrane. Therefore, the 

effectiveness is measured by the evaluation of the analysis on the quality of the treated water 

and then total coupling capacity will be considered. 

In most of the existing studies that made use of this concept, 4NP reduction to 4AP over 

immobilized hybrid catalyst with presence of NaBH4 as reducing agent has been adopted like 

model reaction, as depicted in Figure 14. 

 

 

Figure 14. Reduction of 4-nitrophenol to 4-aminophenol, in presence of NaBH4, over MNP-based 

catalyst immobilized on CM (From Liu et al., 2017). 
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Zhong et al. (2007) and Chen et al. (2009b) studied the hydrogenation of 4NP to 4AP over 

nickel nanocatalyst, in membrane reactor coupling heterogeneous nanocatalysis with 

membrane UF and MF respectively. Note thatin the submerged configuration a conversion 

rate less than 100% of 4NP was occurred Chen et al. (2009b). Trapped 4NP molecules by 

membrane was the origin of this incomplete conversion. While, a totally reduction reaction of 

4NP was achieved in side-stream membrane reactor Zhong et al. (2007). On the other hand, 

the hydrogenation rate suffers 48% decline throughout four continuous catalysis-separation 

cycles. This may be due to the mass loss of catalysts during membrane separation. 

Few years later, Zhong and co-workers designed tubular ceramic membrane for nanosized 

nickel catalysts separation from suspension in hydrogenation reaction of 4NP to 4AP. 

Experimental results have revealed totally retention (100%) of nickel catalysts and preserving 

of catalytic performance with almost the same hydrogenation rate. However, water flux has 

been found to be dramatically decreased and filtration resistance of around Rt=20%, 

originated from Ni particles aggregation, was obtained (Zhong et al., 2011).  

However, it has been demonstrated that is majorly difficult to simultaneously control of the 

catalytic performances, loss of nanosized catalyst and membrane fouling arises from the 

membrane pores blocking by the adhesion of the too fine catalysts particles (Zhang et al., 

2018; Jiang et al., 2013). To overcome this problematic limitation, supported metal 

nanoparticles onto membrane surfaces or into membrane pores was strongly suggested as 

promising approach for solving the abovementioned drawbacks as shown in Figure 15 (Chen 

et al., 2011 and 2013; Dotzauer et al., 2006 and 2009; Du and Chen 2015; Jiang et al., 2014; 

Li et al., 2013; Liu et al., 2017; Ouyang et al., 2010; Peng et al., 2016; Xu and Bhattacharyya 

2008). 

To fabricate ceramic membrane catalysts, Peng and co-workers adopted the flow-through 

method by impregnation of uncoated (CM) and ZnO nano-coated (ZnO-CM) membrane in 

Pd(OAc)2 precursor solution (Figure 15a). Then, Pd NPs were deposited into membrane 

pores under 600 °C calcination temperature (Peng et al., 2016). For comparison, they 

evaluated the catalytic activities of both fabricated Pd/CM and Pd/ZnO–CM membranes 

catalysts with the 4NP reducing reaction test. However, after a treatment time of 60 min, 

similar 4NP conversion rates of only 60% and 65 were reached and considerable decreases of 

35% and 20% in catalytic properties were also observed respectively for Pd/CM and Pd/ZnO–

CM. 

Many investigations have demonstrated that membrane catalysts based MNPs immobilization 

on chemically modified CM may exhibit better catalytic properties and enhanced catalyst 
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stabilities. In this context, supported Pd NPs on polydopamine (PDA) functionalized tubular 

alumina membranes (Figure 15b) was tested for 4NP reducing reaction in membrane reactor 

setup (Liu et al., 2017). Hydrogenation reactions were carried out on both Pd-loaded 

unmodified membrane (Pd/CM) and Pd-loaded PDA modified membrane (Pd/PDA-CM). 

According to the experimental results, a conversion rate of 100% was achieved for Pd/PDA-

CM after 30min, whereas only about 87% of 4NP conversion reaction occurred when using 

Pd/-CM after a twice-longer treatment period. On the other hand, both Pd/CM and Pd/DAP-

CM exhibit a modest catalytic stability despite the obviously different in favor of Pd-loaded 

PDA functionalized CM. Otherwise, Chen and co-workers propose Pd-loaded APTES-

modified membrane (Pd-CMS) for catalytic hydrogenation reaction in membrane reactor. 

Meanwhile, Pd-loaded unmodified membrane (Pd-CM) was also tested on 4NP reduction 

(Chen et al., 2011). 
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Figure 15. Schematic illustration of the different procedures for preparing MNPs-loaded ceramic membranes (a) into the membrane pores using nano-coating 

modification of ZnO and Pd nanoparticles or supported onto the membrane surface using (a) silane grafting, (b) polymer coating and (c) adsorption of 

polyelectrolytes (From Dotzauer et al., 2006; Jiang et al., 2014; Liu et al., 2017; Peng et al., 2016). 



For comparison, the APTES indicate a beneficial effect on the enhancement of loading metal 

particles on the membrane surface and then on the catalytic stability of Pd NPs despite the 

deactivation trends at long-term. Besides, the research group proposed in another research 

paper a flow-through method to design catalytic membrane with improved loading amount of 

Pd NPs. The synthesis solution has been forced to flow through the membrane (Li et al., 

2013). Thus, Pd NPs are deposited not only on the membrane surface, but also in the 

membrane pores. They found that AAPTS-silane grafted surface (Figure 15c) assisted with 

flow-through method provide a superior 4NP conversion and better catalytic stability 

compared with the traditional impregnation method (Li et al., 2013).  

Nevertheless, Chen and co-workers have recommended hollow fiber tubular ceramic 

membrane (HFTCM) as beneficiary for higher Pd catalyst loading and easily diffusion of 

molecules onto the catalyst surface (Chen et al., 2013). Inspired from the experimental results, 

authors suggested that Pd-loaded HFTCM support provide higher catalytic activity than Pd-

loaded TCM due to its higher surface area at the same volume of membrane module. 

Unfortunately, they mentioned that the HFCM was not satisfying as a robust support for Pd 

NPs immobilization. Therefore, to improve catalytic stability authors suggested the 

optimization of the preparation conditions and the operation mode of the membrane reactor. 

Dotzauer and co-workers proposed new bilayer polymer modified alumina membrane for Au-

loaded alumina membrane elaboration (Dotzauer et al., 2006). The layer-by-layer deposition 

of polyacrylic acid (PAA) and polyallyl amine (PAH) was used to immobilize Au NPs to 

alumina membrane (Figure 15d).  In order to evaluate the catalytic power of Au-loaded 

alumina membrane, 4NP reducing reaction in a continuous membrane filtration was 

examined. The experimental results shows that nearly 100% conversion rate has been 

achieved by the resulting Au-loaded membranes at permeate flux of 0.3 mL/(cm2s). 

Furthermore, constant reduction rate of >99% has been maintained during the compilation of 

five sequential permeate volume (PV) of 500 mL. Moreover, the high gold loading made it 

difficult to determine rate constants for PAA/PAH/Au modified ceramic membranes. 

However, since higher flux are occurred the conversion rate declines from 100% to 92% at 

0.2 and 0.55 mL/cm2s respectively. Subsequently, reduction reaction becomes more difficult 

to be performed at further flux enhancement (Dotzauer et al., 2006). 

Although ceramic membranes provide an attractive support for catalytic NPs immobilization 

applied to organic pollution degradation in water. It is well known that TCM cannot compete 

powder matrix in terms of the surface area to volume ratio (Zhang et al., 2018). However, 

powdered nanocomposite catalyst based on hybrid polymer matrix immobilized MNPs may 
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be the subject of an alternative catalyst. Importantly, suggested powdered nanocomposite 

polymer-MNPs catalysts were supported in order to improve catalytic processing in ceramic 

membrane reactor. In particular, such hybrid catalysts, in comparison with almost of their 

powdered counterparts, provide the catalytic performance enhancement, membrane fouling 

inhibition, the long-term stability and avoid catalyst deactivation/loss by mass transfer trough 

membrane pores. 

As it is obviously known, TCM are intensely reported as an effective technology applied for 

the WWT (Aloulou et al., 2017; Barredo-Damas et al., 2012; Hubadillah et al., 2017; 

Khemakhem et al., 2015; Ma et al., 2017). The research group of Ben Amar have largely 

exploited low-cost TCM based on abandoned natural inorganic materials for successful textile 

WWT (Aloulou et al., 2018; Ellouze et al., 2012; Hammami et al., 2017; Jedidi et al., 2009 

and 2011; Khemakhem et al., 2015).  

To date, the dying processes are, in particular, rated as the most polluting among the industrial 

activities (Koyuncu and Topacik 2003). It is susceptible to generate dirty raw effluent. 

Usually, the untreated wastewater is high turbid and characterized by a heavy color and high 

conductivity as well as substantial load of organic matter, heavy metals and high salt (mainly 

NaCl and Na2SO4) and COD content. In addition, these effluents often are of harsh alkaline 

pH (9–12) as well as bad smell nature (Allègre et al., 2006; Sostarturk et al., 2005). 

Particularly, some dye groups, mainly azo dyes and their by-products, have been mentioned 

as carcinogenic and/or mutagenic (Capar et al., 2006). In order to solve these problems, 

membrane technology (single or combined MF, UF, NF, RO) has been widely recommended 

as the most efficient way in the textile effluents treatment for water reclamation (Barredo-

Damas et al., 2012). Thus, a possible water recycling was also mentioned (Allègre et al., 

2006; Tahri et al., 2012). In relation to the membrane separation assess, Hammami and co-

workers have coupled single channel TCM with powder activated carbon (PAC) in a hybrid 

PAC/UF process for real textile effluent treatment (Hammami et al., 2017). They found that 

such combination led to a total retention of toxic acid orange 7 (AO7). Thus, water 

remediation was considerably enhanced and the highest permeate fluxes was occurred by 

applying hybrid treatment. Moreover, the experimental results show a removal efficiency of 

97% for color, 70% for COD and 30% for conductivity after 180 min of processing time. 

Tomaszewska and Mozia and Adham and co-workers explained the significant performances 

by the synergetic effect between membrane retention and PAC. They concluded that the 

PAC/UF system would play an excellent role in pollution removal yield as well as minimizing 

the flux decline (Adham et al., 1991;Tomaszewska and Mozia 2002). Hammami et co-
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workers mentioned that a stabilized permeate flux (near to water permeability) was occurred 

at 3 bar due to the limitation of UF membrane fouling by adding PAC. By operating of hybrid 

treatment, the permeate flux is almost stable (from 460 L/h.m2 to 400 L/h.m2) whereas a 

dramatic flux decline from 520 L/h.m2 to 90 L/h.m2 was observed when used classic UF. 

They have highlighted that further porous layer on the membrane surface can be occurred and 

acting as dynamic membrane for additional reactive AO7 dye and substances retention and 

membrane fouling deactivation (Hammami et al., 2017). 

As discussed previously, it is well known that such properties are very interesting for some 

applications in the industrial scale to obtain highest performance. In order to achieve this goal, 

it is always necessary to use integrated membrane process synergistically coupling membrane 

separation and heterogeneous catalysis, that is to say MR. This is to improve the reduction 

rate efficiency of organic matters and reserve membrane separation for the removal of the 

remaining inorganic matters (suspended solids, microorganism, and salts) that can not be 

removed by simple catalytic reduction reaction. 

To resume, coupling TCM and polymer-based nanocomposite catalyst, with enhanced 

structural, morphologic and physic-chemicals properties, in a single MR device presents the 

most interesting hybrid process for polluted water treatment. The CM with a tubular 

configuration, a porous morphology, a selective separation layers, lower fabrication cost, an 

appropriate thickness and controlled hydrophobicity constitute an excellent candidate for 

industrial membrane separation process. However, hybrid nano-sized catalyst based on 

immobilized MNPs over polymer mixing graphene, clay, MOs and monolith as a robust 

support with higher specific surface area and strong catalytic activity may benefit the better 

interest in heterogeneous catalysis. A much higher contact surface area and appropriate 

permeation, antifouling characters and active surface as well as long-term materials stability, 

a higher catalyst loading and catalytic power are preferable conditions for better 

synergistically treatment. Importantly, all these beneficial characteristics as well as the 

operations conditions (like pressure, temperature, additive and flow velocity) make successful 

of several industrial applications in the water remediation in side-stream catalytic ceramic 

membrane reactor. 

 

8. Success key factors of the Process 

8.1. Fouling control and membrane regeneration 

Permeability constitutes the one of the most important parameters in membrane filtration. The 

permeate flux may be affected by membrane fouling during pollutants interception by 
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membranes. Then, flux decline occurred as retained species accumulate over time. Therefore, 

reduces fouling and maintain membrane performances are the major concerns in the last 

decencies in order to avoid as much as possible the operating costs increase and shortening of 

the membrane lifetime (Alvarado et al., 2016). 

Coupling the membranes with catalysts may exhibit an antifouling capacity of the membrane. 

Chen et al. (2015) shown that the coating of commercial tubular ceramic α-Al2O3-membranes 

by Ti–Mn catalyst enhance fouling inhibition. On the other hand, potential catalyst loss or 

attrition are still challenges faced now for nanocatalyst incorporated in ceramic membranes. 

According to Liu et al.  (2017), the leaching and agglomeration of NPs still represents the 

mainly limitation of recovered NPs-impregnated CM. In that research work, authors 

conclouded that Pd-loaded CM may especially suffer from the catalytic activity deactivation. 

Based on the literature discussion, hybrid membranes, such as nanocomposite ceramic, 

exhibit a long-time stability.  In addition, chemical modified ceramic membrane could control 

especially by monitoring hydrophobicity pore size and surface charge. Then, fouling-resistant 

properties are highly reported (Kujawa et al., 2014). Chemical modification of ceramic 

membrane promotes flux stability, this what was justified by Kujawa and co-workers 

(Kujawa et al., 2014). Indeed, marginal decrease of 21% and 32% in permeate flux of grafted 

titania ceramic membranes was observed, successively, after 1.5 and 4 years of use. Faibish 

and Cohen have justified that irreversible permeability loss did not occur with the 

modification of membrane by polyvinyl pyrrolidone (PVP). Compared with the uncoated 

membrane, PVP-modified zirconia membrane promotes irreversible fouling prohibition 

during UF treatment of oily wastewater (Faibish and Cohen 2001).  

Usually, membrane fouling is scarcely to be fully prevented during the different membrane 

filtration processes. Thus, periodical cleaning is highly requested. So far, there is no 

standardized cleaning approach. Hence, various approaches have been operated (Alvarado et 

al., 2016; Gan et al. 1999; Zhang et al., 2016). For better fouling removal, many operations 

follows chemical cleaning in the cases of 10% decrease in normalized permeate flux is 

occurred (Brunetti et al., 2018). However, partial recovery of lost permeation is every now 

and then someway tolerated (Rautenbach and Melin 2004). On the other hand, Brunetti and 

co-workers suggested that improved module design and operation through more effective 

hydrodynamics are considered as mitigation approaches to reduce fouling (Brunetti et al., 

2018).  

Hybrid nanocomposite catalysts loaded into MRs are an important strategy that is increasingly 

becoming a valuable alternative to minimize or eliminate fouling. Such concept promotes 
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controlling the fluid dynamics of the feed and permeate streams contrast to the conventional 

membrane separation processes. 

 

8.2. Catalyst retention and properties recovery 

Usually, the membrane interacts as a selective barrier for the separation process in the MR 

system. Thereby, the concept of coupling MF and UF with catalysis reaction was used also 

for enhancing the reaction conversion as well as to retain the heterogeneous catalyst (Brunetti 

et al., 2018). For the retention of dispersed catalyst from residual reaction mixture in catalytic 

membrane reactor with flow-through mode, Westermann and Melin suggested NF process as 

a reasonable alternative of immobilization concept of a catalyst (Westermann and Melin 

2009). In addition, intercept tests on the MF to ultrafine nickel catalyst were performed by 

Zhong et al. (2011) after used for catalytic hydrogenation of 4-nitrophenol to 4-aminophenol 

in the membrane reactor. In such research work, the researchers studied the ability of 100% 

recovery of the catalysts (30nm-8µm) by using 800nm pore size ceramic membrane. 

Similarly, Jiang et al. (2013) found that nanosized particles of hybrid TS-1 catalysts were 

completely retained inside the reactor by a porous 0.2, 0.5, and 0.8 μm pore size α-Al2O3 

membrane. The retained catalysts are rinsed, dried and then recycled back to the reactor and 

reused for the next batch of reaction. Zhong et al. (2011) proven a similar catalytic activity of 

fresh Ni catalyst compared to a recovered one after used for 4NP reduction in MR system. In 

addition, authors demonstrated no evident change in the used catalyst characteristics. 

Therefore, authors finished by concluded that cross-flow filtration have not pejorative effect 

on the performance and high stability of the catalysts. Thus, long-time stability of recovering 

catalysts is considered as attractive feature of the membrane reactor to make the reaction 

process continuous. 

Unfortunately, a major difficulty of used inorganic nanosized catalyst has been arisen by the 

adhesion of catalyst nanoparticles on the membrane surface during filtration process. 

Experimental researches have demonstrated a quick decline in the conversion rate of 4NP and 

membrane flux in the coupled nanocatalysis/UF system the catalysts due to the adhesion 

problem of nickel particles onto the membrane surface (Zhong et al., 2007). This suggests that 

Ni nanoparticles increase the filtration resistance (Zhong et al., 2011). To decrease the 

adhesion and avoid cake layer formation, Zhong and co-workers suggested increasing cross-

flow velocity and the addition of microsized particles during membrane surface modification 

(Zhong et al., 2007).  Jiang et al. (2011) proposed the feasibility of continuous catalytic 

reaction as efficient way to leveled off membrane resistance. 
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Several researcheswork suggest the use of the nanocomposite catalyst-based polymer 

supported MNPs for reduction reactions of hazardous organics molecules such as nitro-

aromatic compounds and dyes (Amari et al., 2017 and 2019; Dong et al., 2015; Wang et al., 

2015). Haider and co-workers noted that same Cu/CS-CMM strip of hybrid nanocomposite 

Cu catalyst may be used for several consecutive catalytic reaction of 2-nitrophenol (2NP) and 

4-nitrophenol as well as an organic cresyl blue (CB) dye with effectively conserving of 

catalytic activity (Haider et al., 2016). As a new kind of catalyst, strongly chelated AuNPs 

onto thiazole-grafted triazinebased ligands for catalytic reduction tests of 4NP and nitro-

containing pesticide has been recently proposed (Amari et al., 2017). It should be noted here 

that Amari and co-workers have consolidate the assumption which exclude MNPs leaching. 

Moreover, to verify the above assumption, recorded characterizations on the hybrid Au-

modified PS-AT catalyst by using SEM coupled energy dispersive X-ray were demonstrate an 

homogenous distribution of AuNPs on PS matrix. Besides, the authors proposed such 

nanocomposite polystyrene/Au as potential catalyst for extended applications (e.g. catalytic 

oxidation). 

Consequently, polymer supported nanocatalyst is well known as an efficient way for 

maintaining continuous reaction and overcome the particles adhesion limitation. So far, the 

facile synthesis route, the long-term stability and the perfect performances of the robust 

hybrid nanocomposite catalyst based on polymer immobilized MNPs allows, along side to the 

further advantages to the PCM, to the membrane reactor as an eco-friendly, cost-effective and 

highly efficient technology. 

 

9. Conclusion 

Ceramic membranes separation and heterogeneous catalysis are gaining more and more 

attention in assisted filtration processes. Membrane reactors are able to combine various 

advantages by avoiding membrane fouling, improving separation selectivity and the catalytic 

reaction yield. Several investigations have demonstrated that ceramic membrane based 

membrane reactors show great potential in a wide range of laboratory scale and industrial 

applications. This is was due to the possible catalytic reactions and separations under harsh 

conditions. 

The aim of this chapter was to review current research, mostly, on the side-stream reactor 

configuration based on the porous ceramic membrane separation and heterogeneous catalytic 

reduction for polluted water remediation. This work mainly focused on the innovative 

developments of the membrane reactor from the perspective of materials (membrane and 
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catalyst) design and optimization. Membrane reactor do not only integrate membrane 

operations simply into one unit but also intensify the process by operating in a synergistic 

fashion. Currently, various membrane reactor types, configurations and applications may be 

involved in the coupled membrane separation and heterogeneous catalysis. The membrane 

reactor performance towards water remediation is depending on three main factors. Firstly, on 

their configurations (bestly the side-stream categories) and the processing conditions on term 

on pressure, flow velocity and the effluents pre-treatment if necessary. Moreover, membrane 

properties are very interressing in such coupling system. 

This reviewed study evidences that hybrid catalysis-separation in ceramic catalytic membrane 

reactor represent a very promising technology of great research and industrial interest. 

Clearly, the investigation will provide guidance for the water and raw wastewater remediation 

by continuous catalytic separation in ceramic membrane reactor on account of its outstanding 

performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



89 
 

References 

A 

Adham, S.S., Snoeyink, V.L., Clark, M.M., Bersillon, J.L., 1991. Predicting and verifying 

organics removal by PAC in an ultrafiltration system. Journal / American Water Works 

Association. 83, 81-91. doi:10.1002/j.1551-8833.1991.tb07269.x. 

Ahmad, R., Aslam, M., Park, E., Chang, S., Kwon, D., Kim, J., 2018. Submerged low-cost 

pyrophyllite ceramic membrane filtration combined with GAC as fluidized particles for 

industrial wastewater treatment. Chemosphere. 206, 784–792. 

doi:10.1016/j.chemosphere.2018.05.045. 

Ahmad, R., Guo, J., Kim, J., 2019. Structural characteristics of hazardous organic dyes and 

relationship between membrane fouling and organic removal efficiency in fluidized 

ceramic membrane reactor. Journal of Cleaner Production. 232, 608-616. 

Ahmad, R., Kim, J. K., Kim, J.H., Kim, J., 2017. Well-organized, mesoporous nanocrystalline 

TiO2 on alumina membranes with hierarchical architecture: Antifouling and 

photocatalytic activities. Catalysis Today. 282, 2–12. doi:10.1016/j.cattod.2016.03.051. 

Alem, A., Sarpoolaky, H., Keshmiri, M., 2009. Sol–gel preparation of titania multilayer 

membrane for photocatalytic applications. Ceramics International. 35, 1837–1843. 

Allègre, C., Moulin, P., Maisseu, M., Charbit, F., 2006. Treatment and reuse of reactive 

dyeing effluents. Journal of Membrane Science. 269, 15–34. 

doi:10.1016/j.memsci.2005.06.014. 

Aloulou, H., Bouhamed, H., Ghorbel, A., Ben Amar, R., Khemakhem, S., 2017. Elaboration 

and characterization of ceramic microfiltration membranes from natural zeolite: 

application to the treatment of cuttlefish effluents. Desalination and Water Treatment. 

95, 9–17. doi: 10.5004/dwt.2017.21348. 

Aloulou, W., Hamza, W., Aloulou, H., Oun, A., Khemakhem, S., Jada, A., Chakraborty, S., 

Curcio, S., Ben Amar, R., 2018. Developing of titania-smectite nanocomposites UF 

membrane over zeolite based ceramic support. Applied Clay Science, 155, 20–29. 

doi:10.1016/j.clay.2017.12.035. 

Alpatova, A.L., Davies, S.H., Masten, S.J., 2013. Hybrid ozonation-ceramic membrane 

filtration of surface waters: The effect of water characteristics on permeate flux and the 

removal of DBP precursors, dicloxacillin and ceftazidime. Separation and Purification 

Technology. 107, 179–186. doi:10.1016/j.seppur.2013.01.013. 



90 
 

Alvarado, C., Farris, K., Kilduff, J., 2016. Membrane fouling, modelling and recent 

developments for mitigation (pp. 433–462). In Hankins, N.P., Singh, R., (Eds.), 

Emerging Membrane Technology for Sustainable Water Treatment. 480. Amsterdam: 

Elsevier B.V. 

Amari, H., Guerrouache, M., Mahouche-Chergui, S., Abderrahim, R., Carbonnier, B., 2017. 

2-Aminothiazole-functionalized triazine-modified polystyrene decorated with gold 

nanoparticles as composite catalyst for the reduction of 4-nitrophenol. Reactive and 

Functional Polymers. 121, 58–66. doi:10.1016/j.reactfunctpolym.2017.10.018. 

Amari, H., Guerrouache, M., Mahouche-Chergui, S., Abderrahim, R., Carbonnier, B., 2019. 

In situ synthesis of silver nanoparticles on densely amine-functionalized polystyrene: 

Highly active nanocomposite catalyst for the reduction of methylene blue. Polymers for 

Advanced Technologies. 30, 320–328. doi:10.1002/pat.4468. 

Aran, H.C., Chinthaginjala, J.K., Groote, R., Roelofs, T., Lefferts, L., Wessling, M., 

Lammertink, R.G.H., 2011. Porous ceramic mesoreactors: A new approach for gas–

liquid contacting in multiphase microreaction technology. Chemical Engineering 

Journal. 169, 239–246. doi:10.1016/j.cej.2010.11.005. 

Aran, H.C., Klooster, H., Jani, J.M., Wessling, M., Lefferts, L., Lammertink, R.G.H., 

2012. Influence of geometrical and operational parameters on the performance of 

porous catalytic membrane reactors. Chemical Engineering Journal. 207-208, 814–

821. doi:10.1016/j.cej.2012.07.080. 

B 

Barredo-Damas, S., Alcaina-Miranda, M.I., Iborra-Clar, M.I., Mendoza-Roca, J.A., M.I., 

2012. Application of tubular ceramic ultrafiltration membranes for the treatment of 

integrated textile wastewaters. Chemical Engineering Journal. 192, 211–218. 

doi:10.1016/j.cej.2012.03.079. 

Bassyouni, M., Abdel-Aziz, M.H., Zoromba, M.Sh., Abdel-Hamid, S.M.S., Drioli, E., 2019. 

A review of polymeric nanocomposite membranes for water purification. Journal of 

Industrial and Engineering Chemistry. 73, 19-46. doi.org/10.1016/j.jiec.2019.01.045. 

Bhattacharya, P., Mukherjee, D., Deb, N., Swarnakar, S., Banerjee, S., 2020. Application of 

green synthesized ZnO nanoparticle coated ceramic ultrafiltration membrane for 

remediation of pharmaceutical components from synthetic water: reusability assay of 

treated water on seed germination. Journal of Environmental Chemical Engineering.  8, 

103803. 



91 
 

Bottino, A., Capannelli, G., Comite, A., Di Felice, R., 2002. Polymeric and ceramic 

membranes in three-phase catalytic membrane reactors for the hydrogenation of 

methylenecyclohexane. Desalination. 144, 411-416. 

Bouazizi, A., Breida, M., Karim, A., Achiou, B., Ouammou, M., Calvo, J.I., Aaddane, A., 

Khiata, K., Younssi, S.A., 2017. Development of a new TiO2 ultrafiltration membrane 

on flat ceramic support made from natural bentonite and micronized phosphate and 

applied for dye removal. Ceramics International. 43, 1479–1487. 

Bouzerara, F., Boulanacer, S., Harabi, A., 2015. Shaping of microfiltration (MF) ZrO2 

membranes using a centrifugal casting method. Ceramics International. 41, 5159–5163. 

Brunetti, A., Zito, P.F., Giorno, L., Drioli, E., Barbieri, G., 2018. Membrane reactors for low 

temperature applications: An overview. Chemical Engineering and Processing - Process 

Intensification. 124, 282–307. doi:10.1016/j.cep.2017.05.002. 

Buruga, K., Song, H., Shang,J., Bolan, N., Kalathi, J.T., Kim, K-H., 2019. A review on 

functional polymer-clay based nanocomposite membranes for treatment of water. 

Journal of Hazardous Materials. 379, 120584. doi.org/10.1016/j.jhazmat.2019.04.067. 

C 

Capar, G., Yetis, U., Yilmaz, L., 2006. Membrane based strategies for the pre-treatment of 

acid dye bath wastewaters. Journal of Hazardous Materials. 135, 423–430. 

doi:10.1016/j.jhazmat.2005.12.008. 

Cassano, A., & Basile, A., 2013. Integrating different membrane operations and combining 

membranes with conventional separation techniques in industrial processes. In Basile, 

A., (Ed.), Handbook of Membrane Reactors (Vol. 2, pp. 296-343). 968. USA: 

Woodhead Publishing. 

Champagnie, A.M., Tsotsis, T.T., Minet, R.G., Wagner, E., 1992. The study of ethane 

dehydrogenation in a catalytic membrane reactor. J. Catal. 134, 7-13. 

Chanaud, P., Julbe, A., Larbot, A., Guizard, C., Cot, L., Mirodatos, C., Giroir-Fendler, A., 

Borges, H., 1995. Catalytic membrane reactor for oxidative coupling of methane. Part 1: 

preparation and characterisation of LaOCl membranes. Catal Today. 25, 225–230. 

Chang, S., Ahmad, R., Kwon, D., Kim, J., 2019. Hybrid ceramic membrane reactor combined 

with fluidized adsorbents and scouring agents for hazardous metal-plating wastewater 

treatment. Journal of Hazardous Materials. 388, 121777. 

doi:10.1016/j.jhazmat.2019.121777. 



92 
 

Chen, R., Du, Y., Wang, Q., Xing, W., Jin, W., Xu, N., 2009b. Effect of Catalyst Morphology 

on the Performance of Submerged Nanocatalysis/Membrane Filtration System. 

Industrial & Engineering Chemistry Research. 48, 6600–6607. doi:10.1021/ie900033m. 

Chen, R., Jiang, H., Jin, W., Xu, N., 2009a. Model Study on a Submerged 

Catalysis/Membrane Filtration System for Phenol Hydroxylation Catalyzed by TS-1. 

Chinese Journal of Chemical Engineering. 17, 648-653. 

Chen, R., Jiang, Y., Xing, W., Jin, W., 2011. Fabrication and Catalytic Properties of 

Palladium Nanoparticles Deposited on a Silanized Asymmetric Ceramic Support. 

Industrial & Engineering Chemistry Research. 50, 4405–4411. doi:10.1021/ie1022578. 

Chen, R., Jiang, Y., Xing, W., Jin, W., 2013. Preparation of Palladium Nanoparticles 

Deposited on a Silanized Hollow Fiber Ceramic Membrane Support and Their Catalytic 

Properties. Industrial & Engineering Chemistry Research. 52, 5002–5008. 

doi:10.1021/ie303104m. 

Chen, S., Yu, J., Wang, H., Yu, H., Quan, X., 2015. A pilot-scale coupling catalytic 

ozonation–membrane filtration system for recirculating aquaculture wastewater 

treatment. Desalination. 363, 37–43. doi:10.1016/j.desal.2014.09.006. 

Chen, X., Wang, Z., Bi, S., Li, K., Du, R., Wu, C., Chen, L., 2016. Combining catalysis and 

separation on a PVDF/Ag composite membrane allows timely separation of products 

during reaction process. Chemical Engineering Journal. 295, 518–529. 

doi:10.1016/j.cej.2016.03.043. 

Chi, Y., Chong, J.Y., Wang, B., Li, K., 2020. Pristine graphene membranes supported on 

ceramic hollow fibre prepared via a sacrificial layer assisted CVD approach. Journal of 

Membrane Science. 595, 117479. 

Choudhury, P.R., Majumdar, S., Sahoo, G.C., Saha, S., Mondal, P., 2018. High pressure 

ultrafiltration CuO/hydroxyethyl cellulose composite ceramic membrane for separation 

of Cr (VI) and Pb (II) from contaminated water. Chemical Engineering Journal. 336, 

570-578. 

Choudhury, P.R., Majumdar, S., Sarkar, S., Kundu, B., Sahoo, G.C., 2019. Performance 

investigation of Pb(II) removal by synthesized hydroxyapatite based ceramic 

ultrafiltration membrane: Bench scale study. Chemical Engineering Journal. 355, 510-

519. 

Cini, P., Harold, P.H., 1991. Experimental study of the tubular multiphase catalyst. American 

Institute of Chemical EngineersJournal. 37, 997. 



93 
 

Coronas, J., Santamaria, J., 1999. Catalytic reactors based on porous membrane. Catalysis 

Today. 51, 377- 389.  

Cot, L., Ayral, A., Durand, J., Guizard, C., Hovnanian, N., Julbe, A., Larbot, A., 2000. 

Inorganic membranes and solid state sciences. Solid State Sci. 2, 313–334. 

D 

Dalmon, J.A., 1997. Catalytic membrane reactors (Chapter 9.3). In Ertl, G., Knözinger, H., 

Weitkamp, J., (Eds.), Handbook of Heterogeneous Catalysis, Weinheim :VCH 

Publishers. 

Dalmon, J.A., Cruz-Lopez, A., Farrusseng, D., Guilhaume, N., Iojoiu, E., Jalibert, J.C., 

Miachon, S., Mirodatos, C., Pantazidis, A., Rebeilleau-Dassonneville, M., Schuurman, 

Y., Van Veen, A.C., 2007. Oxidation in catalytic membrane reactors. Applied Catalysis 

A: General. 325, 198–204. 

Das, C., Bose, S., 2017. Advanced Ceramic Membranes and Applications, p. 250, New York: 

CRC Press NY, USA. 

Das, R., Ghosh, S., Bhattacharjee, C., 2012. Enzyme membrane reactor in isolation of 

antioxidative peptides from oil industry waste: A comparison with non-peptidic 

antioxidants. LWT - Food Science and Technology. 47, 238–245. 

Da Silva, B. A., de Souza Godim de Oliveira, V., Di Luccio, M., Hotza, D., Rezwan, K., 

Wilhelm, M., 2020. Characterization of functionalized zirconia membranes 

manufactured by aqueous tape casting. Ceramics 

International. doi:10.1016/j.ceramint.2020.03.162. 

De Haart, L.G.J., Lin, Y.S., de Vries, K.J., Burggraaf, A.J., 1991. Modified CVD of nanoscale 

structures in and EVD of thin layers on porous ceramic membranes. Journal of the 

European Ceramic Society. 8, 59-70. 

Dittmeyer, R., Caro, J., 2008. Catalytic Membrane Reactors. In Ertl, G., Knoezinger, H., 

Schueth, F., Weitkamp, J., (Eds.), Handbook of Heterogeneous Catalysis, 3865. 

Weinheim, Germany: Wiley-VCH. doi.10.1002/9783527610044.hetcat0117. 

Dong, X.L., Jin, W.Q., Xu, N.P., Li, K., 2011. Dense ceramic catalytic membranes and 

membrane reactors for energy and environmental applications. Chem. Commun. 47, 

10886-10902. 

Dong, Z., Le, X., Dong, C., Zhang, W., Li, X., Ma, J., 2015. Ni@Pd core–shell nanoparticles 

modified fibrous silica nanospheres as highly efficient and recoverable catalyst for 



94 
 

reduction of 4-nitrophenol and hydrodechlorination of 4-chlorophenol. Applied 

Catalysis B: Environmental. 162, 372–380. doi:10.1016/j.apcatb.2014.07.009. 

Dotzauer, D.M., Abusaloua, A., Miachon, S., Dalmon, J.A., Bruening, M.L., 2009. Wet air 

oxidation with tubular ceramic membranes modified with polyelectrolyte/Pt 

nanoparticle films. Applied Catalysis B: Environmental. 91, 180–188. 

doi:10.1016/j.apcatb.2009.05.022. 

Dotzauer, D.M., Dai, J., Sun, L., Bruening, M.L., 2006. Catalytic Membranes Prepared Using 

Layer-by-Layer Adsorption of Polyelectrolyte/Metal Nanoparticle Films in Porous 

Supports. Nano Letters. 6, 2268-2272. doi:10.1021/nl061700q. 

Du, Y., & Chen, R., 2015. Fabrication of palladium nanoparticles immobilized on an amine-

functionalized ceramic membrane support using a nanoparticulate colloidal 

impregnation method with enhanced catalytic properties. Korean Journal of Chemical 

Engineering. 32, 1759–1765. doi:10.1007/s11814-015-0030-1. 

Dumée, L.F., Maina, J.W., Merenda, A., Reis, R., He, L., Kong, L., 2017. Hybrid thin film 

nano-composite membrane reactors for simultaneous separation and degradation of 

pesticides. Journal of Membrane Science. 528, 217–224. 

doi:10.1016/j.memsci.2017.01.041. 

E 

Ebrahimi, M., Willershausen, D., Ashaghi, K.S., Engel, L., Placido, L., Mund, P., Bolduan, 

P., Czermak, P., 2010. Investigations on the use of different ceramic membranes for 

efficient oil-field produced water treatment. Desalination. 250, 991–996. 

Ellouze, E., Tahri, N., Ben Amar, R., 2012. Enhancement of textile wastewater treatment 

process using Nanofiltration. Desalination. 286, 16–23. 

doi:10.1016/j.desal.2011.09.025. 

Ertl, G., Knözinger, H., Schüth, F., Weitkamp, J., 2008. Handbook of heterogeneous catalysis. 

3865, Weinheim, Germany: Wiley-VCH Verlag GmbH& Co. KGaA. 

F 

Faibish, R.S., & Cohen, Y., 2001. Fouling and rejection behavior of ceramic and polymer-

modified ceramic membranes for ultrafiltration of oil-in-water emulsions and 

microemulsions. Colloids and Surfaces A: Physicochemical and Engineering Aspects. 

191(1-2), 27–40. doi:10.1016/s0927-7757(01)00761-0. 



95 
 

Fard, A.K., McKay, G., Buekenhoudt, A., Al-Sulaiti, H., Motmans, F., Khraisheh, M., Atieh, 

M., 2018. Inorganic Membranes: Preparation and Application for Water Treatment and 

Desalination. Materials. 11, 74-120. 

Farrusseng, D., Julbe, A., Lopez, M., Guizard, C., 2000. Investigation of sol–gel methods for 

the synthesis of VPO membrane materials adapted to the partial oxidation of n-butane. 

Catal Today. 56, 211–220. 

G 

Gaber, A.A.A., Ibrahim, D.M., Abd-AImohsen, F.F., El-Zanati, E.M., 2013. Synthesis of 

alumina, titania, and alumina-titania hydrophobic membranes via sol–gel polymeric 

route. Journal of Analytical Science and Technology. 4, 18. 

Gan, Q., Howell, J.A., Field, R.W., England, R., Bird, M.R., McKechinie, M.T., 1999. 

Synergetic cleaning procedure for a ceramic membrane fouled by beer microfiltration. 

Journal of Membrane Science. 155, 277-289. doi:10.1016/s0376-7388(98)00320-2. 

Glazneva, T., Rebrov, E., Schouten, J., Paukshtis, E., Ismagilov, Z.R., 2007. Synthesis and 

characterization of mesoporous silica thin films as a catalyst support on a titanium 

substrate, Thin Solid Films. 515, 6391–6394. 

Gu, Q., Ng, T.C.A., Zain, I., Liu, X., Zhang, L., Zhang, Z., Lyu, Z., He, Z., Ng, H.Y., Wang, 

J., Wang, J., 2019. Chemical-grafting of Graphene Oxide Quantum Dots (GOQDs) onto 

Ceramic Microfiltration Membranes for Enhanced Water Permeability and Anti-organic 

Fouling Potential. Applied Surface Science. 144128. doi:10.1016/j.apsusc.2019.144128. 

Guesmi, Y., Lafi, R., Agougui, H., Jabli, M., Oun, A., Majumdar, S., Hafiane, A., 2020. 

Synthesis and characterization of alpha alumina-natural apatite based porous ceramic 

support for filtration application. Materials Chemistry and Physics. 239, 

122067.doi.org/10.1016/j.matchemphys.2019.122067. 

H 

Haas-Santo, K., Fichtner, M., Schubert, K., 2001. Preparation of microstructure compatible 

porous supports by sol-gel synthesis for catalyst coatings. Applied Catalysis A: General. 

220, 79–92. 

Hai, F.I., Nghiem, L.D., Modin, O., 2013. Biocatalytic membrane reactors for the removal of 

recalcitrant and emerging pollutants from wastewater. In Basile, A., (Eds.), Handbook 

of Membrane Reactors, (Vol. 2, pp. 763–807). 968. USA: Woodhead Publishing. 



96 
 

Haider, S., Kamal, T., Khan, S.B., Omer, M., Haider, A., Khan, F. U., Asiri, A.M., 2016. 

Natural polymers supported copper nanoparticles for pollutants degradation. Applied 

Surface Science. 387, 1154–1161. doi:10.1016/j.apsusc.2016.06.133. 

Hammami, A., Charcosset, C., Ben Amar, R., 2017. Performances of Continuous Adsorption-

Ultrafiltration Hybrid Process for AO7 Dye Removal from Aqueous Solution and Real 

Textile Wastewater Treatment. Journal of Membrane Science & Technology. 07. 

doi:10.4172/2155-9589.1000171. 

Han, H.H., Ryu, S.H., Nakao S-I., Lee, Y.T., 2013. Gas permeation properties and preparation 

of porous ceramic membrane by CVD method using siloxane compounds. Journal of 

Membrane Science. 431, 72-78. 

Harold, M.P., Cini, P., Patenaude, B., 1989. The catalytically impregnated ceramic tube: an 

alternative multiphase reactor. AIChE Symp. Ser. 268, 26. 

He, Z., Xia, D., Huang, Y., Tan, X., He, C., Hu, L., He, H., Zeng, J., Xu, W., Shu, D., 2018. 

3D MnO2 hollow microspheres ozone-catalysis coupled with flat-plate membrane 

filtration for continuous removal of organic pollutants: Efficient heterogeneous catalytic 

system and membrane fouling control. Journal of Hazardous Materials. 344, 1198-1208. 

Doi:10.1016/j.jhazmat.2017.11.024. 

Hosseinabadi, S.R., Wyns, K., Buekenhoudt, A., Van der Bruggen, B., Ormerod, D., 2015. 

Performance of Grignard functionalized ceramic nanofiltration membranes. Separation 

and Purification Technology. 147, 320–328. 

Hsieh, H.P., 1996. Inorganic membranes for separation and reaction. 1st edition, 590. 

Amsterdam. Elsevier Science. 

Hubadillah, S.K., Othman, M.H.D., Harun, Z., Ismail, A.F., Rahman, M. A., Jaafar, J., Jamil, 

S.M., Mohtor, N.H., 2017. Superhydrophilic, low cost kaolin-based hollow fibre 

membranes for efficient oily-wastewater separation. Materials Letters. 191, 119–122. 

doi:10.1016/j.matlet.2016.12.099. 

I 

Ida, J-I., Matsuyama, T., Yamamoto, H., 2000. Surface corona discharge-induced plasma 

chemical process-chemical vapor deposition (SPCP-CVD) as a novel method for 

surface modification of ceramic membranes. Advanced Powder Technology. 11, 343-

351. 

 

 



97 
 

J 

Jedidi, I., Khemakhem, S., Saïdi, S., Larbot, A., Elloumi-Ammar, N., Fourati, A., Charfi, A., 

Ben Salah, A., Ben Amar, R., 2011. Preparation of a new ceramic microfiltration 

membrane from mineral coal fly ash: Application to the treatment of the textile dying 

effluents. Powder Technology. 208, 427–432. doi:10.1016/j.powtec.2010.08.039. 

Jedidi, I., Saïdi, S., Khemakhem, S., Larbot, A., Elloumi-Ammar, N., Fourati, A., Charfi, A., 

Ben Salah, A., Ben Amar, R., 2009. Elaboration of new ceramic microfiltration 

membranes from mineral coal fly ash applied to waste water treatment. Journal of 

Hazardous Materials. 172, 152–158. doi:10.1016/j.jhazmat.2009.06.151. 

Jia, Z., Sun, H., Du, Z., Lei, Z., 2014. Catalytic bubble-free hydrogenation reduction of azo 

dye by porous membranes loaded with palladium nanoparticles. Journal of 

Environmental Sciences. 26, 478–482. doi:10.1016/s1001-0742(13)60416-7. 

Jiang, H., Meng, L., Chen, R., Jin, W., Xing, W., Xu, N., 2011. A Novel Dual-Membrane 

Reactor for Continuous Heterogeneous Oxidation Catalysis. Industrial & Engineering 

Chemistry Research. 50, 10458–10464. doi:10.1021/ie200398g. 

Jiang, H., Meng, L., Chen, R., Jin, W., Xing, W., Xu, N., 2013. Progress on Porous Ceramic 

Membrane Reactors for Heterogeneous Catalysis over Ultrafine and Nano-sized 

Catalysts. Chinese Journal of Chemical Engineering. 21, 205-215. doi: 10.1016/S1004-

9541(13)60460-7. 

Jiang H., Sun, X., Du, Y., Chen, R., Xing, W., 2014. Catalytic activity of palladium 

nanoparticles immobilized on an amino‐functionalized ceramic membrane support. 

Chinese Journal of Catalysis. 35, 1990–1996. Doi: 10.1016/S1872‐2067(14)60190‐x. 

Julbe, A., Farrusseng, D., Guizard, C., 2001. Porous ceramic membranes for catalytic 

reactors-overview and new ideas. Journal of Membrane Science. 181, 3–20. 

K 

Kang, J., Zhang, H., Duan, X., Sun, H., Tan, X., Liu, S., Wang, S., 2019. Magnetic Ni-Co 

alloy encapsulated N-doped carbon nanotubes for catalytic membrane degradation of 

emerging contaminants. Chemical Engineering Journal. doi:10.1016/j.cej.2019.01.035. 

Kemmere, M.F., Keurentjes, J.T.F., 2001. Industrial Membrane Reactors. In Nunes, S.P., & 

Peinemann, K.V., (Eds.), Membrane Technology in the Chemical Industry, 295. 

Weinheim: Wiley-VCH. 



98 
 

Khemakhem, M., Khemakhem, S., Ayedi, S., Cretin, M., Ben Amar, R., 2015. Development 

of an asymmetric ultrafiltration membrane based on phosphates industry sub-products. 

Ceramics International. 41, 10343–10348. doi:10.1016/j.ceramint.2015.05.101. 

Kim, J., Vander Bruggen, B., 2010. The use of nanoparticles in polymeric and ceramic 

membranes tructures: Review of manufacturing procedures and performance 

improvement for water treatment. Environmental Pollution. 158, 2335-2349. 

Koros, W.J., Ma, Y.H., Shimidzu, T., 1996. Terminology for membrane and membrane 

process (IUPAC recommendation from 1996). Journal of Membrane Science. 120, 149-

159.  http://www.che.utexas.edu/nams/IUPAC/iupac.html. 

Koyuncu, I., & Topacik, D., 2003. Effects of operating conditions on the salt rejection of 

nanofiltration membranes in reactive dye/salt mixtures. Separation and Purification 

Technology. 33, 283–294. doi:10.1016/s1383-5866(03)00088-1. 

Kujawa, J., Cerneaux, S., Koter, S., Kujawski, W., 2014. Highly Efficient Hydrophobic 

Titania Ceramic Membranes for Water Desalination. ACS Applied Materials & 

Interfaces. 6, 14223–14230. doi:10.1021/am5035297. 

Kujawa, J., Cerneaux, S., Kujawski, W., 2015. Highly hydrophobic ceramic membranes 

applied to the removal of volatile organic compounds in pervaporation. Chemical 

Engineering Journal. 260, 43–54. 

Kujawa, J., Kujawski, W., Cerneaux, S., Li, G., Al-Gharabli, S., 2020. Zirconium dioxide 

membranes decorated by silanes based-modifiers for membrane distillation – Material 

chemistry approach. Journal of Membrane Science. 596, 117597. 

Kumar, S., Mandal, A., Guria, C., 2016. Synthesis, characterization and performance studies 

of polysulfone and polysulfone/polymer-grafted bentonite based ultrafiltration 

membranes for the efficient separation of oil field oily wastewater. Process Safety and 

Environmental Protection. 102, 214–228. 

Kumar, V., Kim, K.-H., Park, J.-W., Hong, J., Kumar, S., 2017. Graphene and its 

nanocomposites as a platform for environmental applications. Chemical Engineering 

Journal. 315, 210–232. doi:10.1016/j.cej.2017.01.008. 

L 

Lan, Y., Barthe, L., Antonin, A., Causserand, C., 2020. Feasibility of a heterogeneous Fenton 

membrane reactor containing a Fe-ZSM5 catalyst for pharmaceuticals degradation: 

Membrane fouling control and long-term stability. Separation and Purification 

Technology. 231, 115920-115929. 

http://www.che.utexas.edu/nams/IUPAC/iupac.html


99 
 

Li, F., Yangb, Y., Fana, Y., Xinga, W., Wanga, Y., 2012. Modification of ceramic membranes 

for pore structure tailoring: The atomic layer deposition route. Journal of Membrane 

Science. 397– 398, 17– 23. 

Li, H., Jiang, H., Chen, R., Wang, Y., Xing, W., 2013. Enhanced Catalytic Properties of 

Palladium Nanoparticles Deposited on a Silanized Ceramic Membrane Support with a 

Flow-Through Method. Industrial & Engineering Chemistry Research. 52, 

14099−14106. doi:10.1021/ie401903v. 

Li, K., 2007. Ceramic Membranes for Separation and Reaction, 316, Chichester: John Wiley 

& Sons Ltd. 

Liu, H., Zhang, J., Lu, M., Liang, L., Zhang, H., Wei, J., 2020. Biosynthesis Based Membrane 

Filtration Coupled with Iron Nanoparticles Reduction Process in Removal of Dyes. 

Chemical Engineering Journal. 387, 124202. doi:10.1016/j.cej.2020.124202. 

Liu, M., Zhu, X., Chen, R., Liao, Q., Ye, D., Zhang, B., Liu, J., Chen, G., Wang, K., 2018. 

Tube-in-tube hollow fiber catalytic membrane microreactor for the hydrogenation of 

nitrobenzene. Chemical Engineering Journal. 354, 35–41. 

doi:10.1016/j.cej.2018.07.203. 

Liu, Y., Peng, M., Jiang, H., Xing, W., Wang, Y., Chen, R., 2017. Fabrication of ceramic 

membrane supported palladium catalyst and its catalytic performance in liquid-phase 

hydrogenation reaction. Chemical Engineering Journal. 313, 1556–1566. 

doi.org/10.1016/j.cej.2016.11.037. 

Lu, C.J., Chen, R.Z., Xing, W.H., Jin, W.Q., Xu, N.P., 2008. A submerged membrane reactor 

for continuous phenol hydroxylation over TS-1. American Institute of Chemical 

EngineersJournal. 54, 1842-1849. 

Lu, N.C., Liu, J.C., 2010. Removal of phosphate and fluoride from wastewater by a hybrid 

precipitation–microfiltration process. Separation and Purification Technology. 74, 329–

335. doi:10.1016/j.seppur.2010.06.023. 

Lu, Y., Ballauff, M., 2016. Spherical polyelectrolyte brushes as nanoreactors for the 

generation of metallic and oxidic nanoparticles: Synthesis and application in catalysis. 

Progress in Polymer Science. 59, 86–104. doi:10.1016/j.progpolymsci.2016.03.002. 

Luo, X., Liang, H., Qu, F., Ding, A., Cheng, X., Tang, C. Y., Li, G., 2018. Free-standing 

hierarchical α-MnO2@CuO membrane for catalytic filtration degradation of organic 

pollutants. Chemosphere. 200, 237–247. doi:10.1016/j.chemosphere.2018.02.113. 



100 
 

Lv, Y., Liu, H., Wang, Z., Liu, S., Hao, L., Sang, Y., Liu, D., Wang, J., Boughton, R.I., 

2009. Silver nanoparticle-decorated porous ceramic composite for water treatment. 

Journal of Membrane Science. 331, 50–56. doi:10.1016/j.memsci.2009.01.007. 

M 

Ma, X., Chen, P., Zhou, M., Zhong, Z., Zhang, F., Xing, W., 2017. Tight ultrafiltration 

ceramic membrane for separation of dyes and mixed salts (both NaCl/Na2SO4) in textile 

wastewater treatment. Industrial & Engineering Chemistry Research. 56, 7070–7079. 

doi:10.1021/acs.iecr.7b01440. 

Meng, L., Guo, H., Dong, Z., Jiang, H., Xing, W., Jin, W., 2013. Ceramic hollow fiber 

membrane distributor for heterogeneous catalysis: Effects of membrane structure and 

operating conditions. Chemical Engineering Journal. 223, 356–363. 

doi:10.1016/j.cej.2013.03.049. 

Meng, S., Greenlee, L. F., Shen, Y. R., & Wang, E., 2015. Basic science of water: Challenges 

and current status towards a molecular picture. Nano Research. 8, 3085–3110. 

doi:10.1007/s12274-015-0822-y. 

Menne, D., Üzümc, C., Koppelmann, A., Wong, J.E., Foeken, C., Borre, F., Dähne, L., 

Laakso, T., Pihlajamäki, A., Wessling, M., 2016. Regenerable polymer/ceramic hybrid 

nanofiltration membrane based on polyelectrolyte assembly by layer-by-layer 

technique. Journal of Membrane Science. 520, 924–932. 

Miao, J., Lu, J., Jiang, H., Liu, Y., Xing, W., Ke, X., Chen, R., 2019. Continuous and 

complete conversion of high concentration p‐nitrophenol in a flow‐through membrane 

reactor. American Institute of Chemical EngineersJournal. 65, e16692. 

Mittal, P., Jana, S., Mohanty, K., 2011. Synthesis of low-cost hydrophilic ceramic–polymeric 

composite membrane for treatment of oily wastewater. Desalination. 282, 54–62. 

Molinari, R., Palmisano, L., Loddo, V., Mozia, S., Morawski, A.W., 2013. Photocatalytic 

membrane reactors: configurations, performance and applications in water treatment 

and chemical production. In Basile, A., (Eds.), Handbook of Membrane Reactors, (Vol. 

2, pp. 808-845). 968. USA: Woodhead Publishing. 

Mozia, S., 2010. Photocatalytic membrane reactors (PMRs) in water and wastewater 

treatment. A review. Separation and Purification Technology. 73, 71-91. 

Mustafa, G., Wyns, K., Buekenhoudt, A., Meynen, V., 2016. Antifouling grafting of ceramic 

membranes validated in a variety of challenging wastewaters. Water Research. 104, 

242–253. 



101 
 

Mustafa, G., Wyns, K., Vandezande, P., Buekenhoudt, A., Meynen, V., 2014. Novel grafting 

method efficiently decreases irreversible fouling of ceramic nanofiltration membranes. 

Journal of Membrane Science. 470, 369–377. 

N 

Nasir, A., Masood, F., Yasin, T., Hameed, A., 2019. Progress in polymeric nanocomposite 

membranes for wastewater treatment: Preparation, properties and applications. Journal 

of Industrial and Engineering Chemistry.79, 29–40. doi:10.1016/j.jiec.2019.06.052. 

Nath, K., Bhakhar, M.S., 2012. Membrane Reactor Concept, Applications, and Prospects. In 

Mohanty, K., Purkait, M.K., (Eds), Membrane Technologies and Applications, 499. 

London: CRC Press. 

O 

Osegueda Chicas, O.A., 2013. Development of a novel catalytic membrane reactor: 

Application in wastewater treatment. Doctoral Thesis, 152p, Tarragona, 2013. 

Oun, A., Mahouche-Chergui, S., Khemakhem, M., Carbonnier, B., Ben Amar, R., 2019. 

Preparation and Surface Modification of Porous Ceramic Membranes for Water 

Treatment. In Gray, S., Tsuru, T., Cohen, Y., Lau, W-J., (Ed), Advanced Materials for 

Membrane Fabrication and Modification, 600. New York: CRC Press. 

Oun, A., Tahri, N., Mahouche-Chergui, S., Carbonnier, B., Majumdar, S., Sarkar, S., Sahoo, 

G.C., Ben Amar, R., 2017. Tubular ultrafiltration ceramic membrane based on titania 

nanoparticles immobilized on macroporous clay-alumina support: Elaboration, 

characterization and application to dye removal. Separation and Purification 

Technology. 188, 126–133. 

Ouyang, L., Dotzauer, D.M., Hogg, S.R., Macanás, J., Lahitte, J.-F., Bruening, M.L., 2010. 

Catalytic hollow fiber membranes prepared using layer-by-layer adsorption of 

polyelectrolytes and metal nanoparticles. Catalysis Today. 156, 100–106. 

doi:10.1016/j.cattod.2010.02.040. 

P 

Palo, E., Salladini, A., Morico, B., Palma, V., Ricca A., Iaquaniello, G., 2018. Application of 

Pd-Based Membrane Reactors: An Industrial Perspective. Membranes. 8, 101-115. 

Pedrosa, M., Drazic, G., Tavares, P.B., Figueiredo, J.L., Silva, A.M.T., 2019. Metal-free 

graphene-based catalytic membrane for degradation of organic contaminants by 



102 
 

persulfate activation. Chemical Engineering Journal. 369, 223–232. 

doi:10.1016/j.cej.2019.02.211. 

Peng, M., Liu, Y., Jiang, H., Chen, R., Xing, W., 2016. Enhanced catalytic properties of Pd 

nanoparticles by their deposition on ZnO-coated ceramic membranes. RSC Advances. 

6, 2087–2095. doi:10.1039/c5ra24150b. 

Perez, V., Miachon, S., Dalmon, J-A., Bredesen, R., Pettersen, G., Ræder, H., Simon, C., 

2001. Preparation and characterisation of a Pt/ceramic catalytic membrane. Separation 

and Purification Technology. 25, 33–38. 

Poupart, R., Le Droumaguet, B., Guerrouache, M., Grande, D., Carbonnier, B., 2017. Gold 

nanoparticles immobilized on porous monoliths obtained from disulfide-based 

dimethacrylate: Application to supported catalysis. Polymer. 126, 455-462. 

doi:10.1016/j.polymer.2017.04.034. 

R 

Raman, N.K., Ward, T.L., Brinker, C.J., Sehgal, R., Smith, D.M., Duan, Z., Hampden-Smith, 

M., Bailey, J.K., Headle, T.J., 1993. Catalyst dispersion on supported ultramicroporous 

inorganic membranes using derivatized silylation agents. Appl. Catal. A. 96, 65. 

Randon, J., Blanc, P., Paterson, R., 1995. Modification of ceramic membrane surfaces using 

phosphoric acid and alkyl phosphonic acids and its effects on ultrafiltration of BSA 

protein. Journal of Membrane Science. 98, 119–129. 

Rautenbach, R., Melin, T., 2004. Membranverfahren: Grundlagen der Modul- und 

Anlagenauslegung - 2nd edition. 555. New York: Springer-Verlag Berlin Heidelberg 

GmbH. doi:10.1007 / 978-3-662-08653-7. 

Reif, M., & Dittmeyer, R., 2003. Porous, catalytically active ceramic membranes for gas–

liquid reactions: a comparison between catalytic diffuser and forced through flow 

concept. Catalysis Today. 82, 3–14. doi:10.1016/s0920-5861(03)00197-4. 

Rodriguez-Narvaez, O.M., Peralta-Hernandez, J.M., Goonetilleke, A., Bandala, E.R., 2017. 

Treatment technologies for emerging contaminants in water: A review. Chemical 

Engineering Journal. 323, 361–380. doi:10.1016/j.cej.2017.04.106. 

S 

Sahoo, G.C., Halder, R., Jedidi, I., Oun, A., Nasri, H., Roychoudhurry, P., Majumdar, S., 

Bandyopadhyay S., Ben Amar R., 2016. Preparation and characterization of 

microfiltration apatite membrane over low cost clay-alumina support for decolorization 



103 
 

of dye solution. Desalination and Water Treatment. 57, 27700-27709. doi: 

10.1080/19443994.2016.1186565. 

Saja, S., Bouazizi, A., Achiou, B., Ouammou, M., Albizane, A., Bennazha, J., Younssi, S.A., 

2018. Elaboration and characterization of low-cost ceramic membrane made from 

natural Moroccan perlite for treatment of industrial wastewater. Journal of 

Environmental Chemical Engineering. 6, 451–458. 

Schäfer, A.I., Akanyeti, I., Semião, A.J.C., 2011. Micropollutant sorption to membrane 

polymers: a review of mechanisms for estrogens; Adv. Colloid Interface Sci. 164, 100–

117. doi:10.1016/j.cis.2010.09.006. 

Simmons, F.J., Kuo, D.H.W., Xagoraraki, I., 2011. Removal of human enteric viruses by a 

full-scale membrane bioreactor during municipal wastewater processing. Water Res. 45, 

2739–2750. doi:10.1016/j.watres.2011.02.001. 

Song, Z., Fathizadeh, M., Huang, Y., Chu, K.H., Yoon, Y., Wang, L., Xu, W.L., Yu, M., 

2016. TiO2 nanofiltration membranes prepared by molecular layer deposition for water 

purification. Journal of Membrane Science. 510, 72–78. 

Sostarturk, S., Simonic, M., Petrinic, I., 2005. Wastewater treatment after reactive printing. 

Dyes and Pigments. 64, 147–152. doi:10.1016/j.dyepig.2004.04.001. 

Szegner, J., Yeung, K. L., Varma, A., 1997. Effect of catalyst distribution in a membrane 

reactor: Experiments and model. American Institute of Chemical EngineersJournal. 43, 

2059–2072. 

T 

Tahri, N., Masmoudi, G., Ellouze, E., Jrad, A., Drogui, P., Ben Amar, R., 2012. Coupling 

microfiltration and nanofiltration processes for the treatment at source of dyeing-

containing effluent. Journal of Cleaner Production. 33, 226–235. 

doi:10.1016/j.jclepro.2012.03.025. 

Takagi, R., Larbot, A., Cotb, L., Nakagaki, M., 2000. Effect of Al2O3 support on 

electricalproperties of TiO2/Al2O3 membrane formed by sol–gel method. Journal of 

Membrane Science. 177, 33–40. 

Takht Ravanchi, M., Kaghazchi, T., & Kargari, A., 2009. Application of membrane 

separation processes in petrochemical industry: a review. Desalination. 235, 199-244. 

Tan, X., Li, K., 2015. Inorganic Membrane Reactors: Fundamentals and Applications. 290. 

United Kingdom: John Wiley & Sons, Ltd. 



104 
 

Tanardi, C.R., Nijmeijer, A., Winnubst, L., 2016. Coupled-PDMS grafted mesoporous γ-

alumina membranes for solvent nanofiltration. Separation and Purification Technology. 

169, 223–229. 

Tanimu, A., Jaenicke, S., Alhooshani, K., 2017. Heterogeneous catalysis in continuous flow 

microreactors: A review of methods and applications. Chemical Engineering Journal. 

327, 792-821. 

Tereshchenko, G.F., Malygin, A.A., Ermilova, M.M., Orekhova, N.V.,  Volkov, V.V., 

Lebedeva, V.I., Petrova,  I.V., Tsodikov, M.V., Teplyakov, V.V., Trusov, L.I., Moiseev, 

I.I., 2009. Nanostructured Catalytic Membrane Reactors of the New Generation. 

Catalysis in Industry. 1, 29–37. 

Tomaszewska, M., & Mozia, S., 2002. Removal of organic matter from water by PAC/UF 

system. Water Research. 36, 4137–4143. doi:10.1016/s0043-1354(02)00122-7. 

Trinh, T-H-T., Samhaber, W.M., 2016. The Coupling of Catalysis with Submerged Ceramic 

MF Membrane for Hybrid Water Treatment Process. Chemical Engineering 

Transactions. 47, 247-252. Doi: 10.3303/CET1647042. 

Tsotsis, T.T., Champagnie, A.M., Vasileiadis, S.P., Zaika, Z.D., Minet, R.G., 1992. Packed 

bed catalytic membrane reactors. Chem. Eng. Sci. 47, 2903. 

Tsuru, T., Hironaka, D., Yoshioka, T., Asaeda, M., 2001. Titania membranes for liquidphase 

separation: effect of surface charge on flux. Separation and Purification Technology. 25, 

307–314. 

U 

Uzio, D., Peureux, J., Fendler, A.G., 1993. Platinum/γ-alumina catalytic membrane: 

preparation, morphological and catalytic characterization. Appl. Catal. A. 96, 83. 

W 

Wales, M.D., Joos, L.B., Traylor, W.A., Pfromm, P., Rezac, M., 2016. Composite catalytic 

tubular membranes for selective hydrogenation in three-phase systems. Catalysis Today. 

268, 12–18. 

Wang, J., Wu, Z., Li, T., Ye, J., Shen, L., She, Z., Liu, F., 2018. Catalytic PVDF membrane 

for continuous reduction and separation of p-nitrophenol and methylene blue in 

emulsified oil solution. Chemical Engineering Journal. 334, 579–586. 

doi:10.1016/j.cej.2017.10.055. 



105 
 

Wang, Q., Wang, J., Wang, D., Turhong, M., Zhang, M., 2015. Recyclable and effective 

Pd/poly(N-isopropylacrylamide) catalyst for hydrodechlorination of 4-chlorophenol in 

aqueous solution. Chemical Engineering Journal. 280, 158–164. 

doi:10.1016/j.cej.2015.05.106. 

Wang, Y.H., Liu, X.Q., Meng, G.Y., 2008. Preparation and properties of supported 100% 

titania ceramic membranes. Materials Research Bulletin. 43, 1480–1491. 

Westermann, T., Melin, T., 2009. Flow-through catalytic membrane reactors—Principles and 

applications. Chemical Engineering and Processing: Process Intensification. 48, 17-28. 

doi:10.1016/j.cep.2008.07.001. 

X 

Xu, C., Pan, X., Fang, L., Li, J., Li, F., 2019. Enhanced reduction of organic pollutants by 

Fe/Cu@Pd ternary metallic nanoparticles under aerobic conditions: Batch and 

membrane reactor studies. Chemical Engineering Journal. 360, 180–189. 

doi:10.1016/j.cej.2018.11.212. 

Xu, J., & Bhattacharyya, D., 2008. Modeling of Fe/Pd Nanoparticle-Based Functionalized 

Membrane Reactor for PCB Dechlorination at Room Temperature. The Journal of 

Physical Chemistry C. 112, 9133–9144. doi:10.1021/jp7097262. 

Y 

Yan, Y., Jiang, S., Zhang, H., Zhang, X., 2015. Preparation of novel Fe-ZSM-5 zeolite 

membrane catalysts for catalytic wet peroxide oxidation of phenol in a membrane 

reactor. Chemical Engineering Journal. 259, 243–251. doi:10.1016/j.cej.2014.08.018. 

Z 

Zaman, J., Chakma, A., 1994. Inorganic membrane reactors. Journal of Membrane Science. 

92, 1-28. 

Zhang, G., Jin, W., Xu, N., 2018. Design and Fabrication of Ceramic Catalytic Membrane 

Reactors for Green Chemical Engineering Applications. Engineering. 4, 848–860. 

doi:10.1016/j.eng.2017.05.001. 

Zhang, J., Yu, H., Quan, X., Chen, S., Zhang, Y., 2016. Ceramic membrane separation 

coupled with catalytic ozonation for tertiary treatment of dyestuff wastewater in a pilot-

scale study. Chemical Engineering Journal. 301, 19–26. Doi: 10.1016/j.cej.2016.04.148. 



106 
 

Zhang, S., Du, Y., Jiang, H., Liu, Y., Chen, R., 2017. Controlled synthesis of TiO2 nanorod 

arrays immobilized on ceramic membranes with enhanced photocatalytic performance. 

Ceramics International. 43, 7261–7270. Doi:10.1016/j.ceramint.2017.03.019. 

Zhang, Y.Y., He, C., Sharma, V.K., Li, X.-Z., Tian, S.H., Xiong, Y., 2011. A new reactor 

coupling heterogeneous Fenton-like catalytic oxidation with membrane separation for 

degradation of organic pollutants. Journal of Chemical Technology & Biotechnology. 

86, 1488–1494. Doi:10.1002/jctb.2656. 

Zhao, H., Li, H., Yu, H., Chang, H., Quan, X., Chen, S., 2013. CNTs–TiO2/Al2O3 composite 

membrane with a photocatalytic function: Fabrication and energetic performance in 

water treatment. Separation and Purification Technology. 116, 360–365. 

doi:10.1016/j.seppur.2013.06.007. 

Zhong, Z., Li, W., Xing, W., Xu, N., 2011. Crossflow filtration of nanosized catalysts 

suspension using ceramic membranes. Separation and Purification Technology. 76, 

223–230. doi:10.1016/j.seppur.2010.08.005. 

Zhong, Z., Xing, W., Jin, W., Xu, N., 2007. Adhesion of nanosized nickel catalysts in the 

nanocatalysis/UF system. American Institute of Chemical EngineersJournal. 53, 1204-

1210. Doi:10.1002/aic.11143. 

Zhu, Y., Chen, S., Quan, X., Zhang, Y., Gao, C., Feng, Y., 2013. Hierarchical porous ceramic 

membrane with energetic ozonation capability for enhancing water treatment. Journal of 

Membrane Science. 431, 197–204. doi:10.1016/j.memsci.2012.12.048. 

Ziaka, Z.D., Minet, R.G., Tsotsis, T.T., 1993. Propane dehydrogenation in a packed bed 

membrane reactor. American Institute of Chemical EngineersJournal. 39, 526. 

Zou, D., Chen, X., Drioli, E., Ke, X., Qiu, M., Fan, Y., 2020. Facile co-sintering process to 

fabricate sustainable antifouling silver nanoparticles (AgNPs)-enhanced tight ceramic 

ultrafiltration membranes for protein separation. Journal of Membrane Science. 593, 

117402. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

NANOHYBRID MATERIALS FOR CATALYTIC 

REDUCTION OF DYES AND NITROAROMATIC 

ENDOCRINE DISRUPTORS 

 

 

 

 

 

 

 

 



108 
 

Section 1 

Gold nanospheres-decorated nanostructures as a recyclable heterogeneous catalyst for 

ultrafast conversion of endocrine disruptors 

 

1. Introduction 

The ever-growing global industrialization has shaped the past century, and related 

environmental pollution has become a ubiquitous and crucial issue. Hazardous pollutants 

generated by industrial activities, are released into the environment and affect our water, land 

and air (Keith and Telliard 1979). Water is an essential resource for life and thus, one of the 

most threatened. Aromatic compounds including pesticides, industrial wastes, 

pharmaceuticals and personal care products are well-known water pollutants that present 

considerable hazard to living organisms. Azo dyes are mutagenic and are assumed to 

contribute to increasing incidences of cancer amongst textile workers (de Lima et al., 2007). 

The relationship between aromatic amines and cancer risks has been established based on 

epidemiological evidences particularly in the case of exposure to aromatic amines from 

occupational sources and tobacco smoking in human cancer development (De Roos et al., 

2005; Vineis and Pirastu 1997; Woo and Lai 2001). Nitroaromatic compounds are also 

important recalcitrant contaminants; they are registered on the U.S. Environmental Protection 

Agency's list of priority pollutants for environmental remediation. Although they are 

relatively rare in nature, they have an anthropogenic origin as they are produced as 

intermediates and end products in the industrial manufacturing of dyes, explosives, pesticides, 

to name but a few. The combination of the electron-withdrawing character of the nitro group 

and the enhanced stability of the benzene ring, makes nitro-aromatics resistant to both 

chemical and biological oxidative degradation, and hydrolysis (Tremp et al., 1993). 4-

Nitrophenol (4NP) is one of the most common organic pollutants found in industrial and 

agricultural waste waters. Its reduced counterpart, 4-aminophenol (4AP), is less toxic, and 

also it is in demand on the market in many industrial fields (Mirafzal and Summer 2000). 4AP 

is a key intermediate in the industrial synthesis of acetaminophen, and the global 

acetaminophen market was valued at around USD 801.3 million in 2014 and is expected to 

reach USD 999.4 million in 2020, growing at a compound annual growth rate of around 3.8% 

between 2015 and 2020. In terms of volume, the global acetaminophen market stood at above 

149.3 kilo tons in 2014. 



109 
 

There is to date a plethora of protocols described in the literature including both research 

articles (Tafesh and Weiguny 1996) and patents (Benaglia and Bonsignore 2016) related to 

the reduction of nitro groups. The reactions are typically carried out in presence of catalysts, 

precious and transition metals (Zhao et al., 2015), metal oxide (Shivhare et al., 2013; Esumi et 

al., 2004) and alloyed bimetallic NPs have been successfully and widely applied. As it is well-

established, in homogeneous processes, catalysts are dissolved in the reaction medium 

providing that all catalytic sites are available for reaction allowing for high efficiency, activity 

and selectivity. However, such processes suffer from major drawbacks arising from the 

difficulty to separate the catalysts from the reaction mixture, contamination of the products 

and the difficult reusability for consecutive cycle runs. An alternative to address the issue of 

catalysts separation and recovery relies on the use of heterogeneous catalysts where the 

catalytic species are supported on an insoluble material enabling efficient process 

development as well as easy handling, recovery and recycling (Corma and Garcia, 2008). 

Catalytically active metal NPs finely dispersed over supports such as graphene oxide (Zhang 

et al., 2016), chitosan-based membrane (Bibi et al., 2016), cellulose fibers (Islam et al., 2016), 

fibrous silica (Chen et al., 2018), carbon nanofibers (Zhang et al., 2011), titanium dioxide 

(Corma and Garcia 2008), to name but a few, hold great promise in heterogeneous catalysis 

for chemical manufacturing, energy harvesting, conversion and storage, and environmental 

remediation. The robust attachment and fine dispersion of nanocatalysts over the support 

surface is a key step in order to prevent leaching phenomena and optimize the catalyst’s 

performances.  

Herein, we report an efficient and straightforward synthetic route to design novel hybrid 

nanostructures based on gold nanoparticles-decorated on chelatant-functionalized clay-

polymer nanocomposite. Montmorillonite (MMT) clay was successively surface-grafted with 

3-(trimethoxysilyl)propyl methacrylate (ϒ-MAPS) and poly(glycidyl methacrylate) (PGMA) 

chains. The polymerization was conducted under UV-irradiation to ensure the fast growth of 

PGMA. The epoxy groups of MMT@PGMA have been readily converted into amino groups 

using ethylene diamine. Finally, these chelatant nanocomposites have been used as platforms 

for stabilizing monodisperse gold nanospheres in-situ generated through hydride-assisted 

reduction of gold ions previously chelated on the amino groups.  

The hybrid nanostructures have been characterized after each synthesis step using a 

combination of complementary methods (TGA, TEM, XRD, FT-IR, XPS) providing 

information about their chemical composition, structure, and morphology. The effect of the 

NaBH4 to HAuCl4 molar ratio on the size of the AuNPs have been investigated in detail. The 
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as-prepared hybrid nanostructures served as efficient heterogeneous nanocatalysts for 

reduction of nitroaromatic endocrine disruptors, namely para-nitrophenol and pendimethalin. 

Efficient conversion of these compounds as well as stability/recyclability of the as-prepared 

nanocatalyst related to the high concentration of grafted chelatant amino groups on the surface 

of these nanostructures, demonstrating the great potential of these AuNPs-decorated 

nanostructures in the selective removal of nitroaromatic harmful pollutants from wastewater. 

Moreover, immobilization of other metal nanoparticles (e.g. Ag, Pd, Ni, Fe…) could extend 

the use of these hybrid nanostructures for remediation of various hazardous pollutants in the 

environment. 

 

2. Experimental section 

2.1. Materials 

Natural sodium montmorillonite (MMT-Na) was supplied by Southern Clay Products (ion-

exchange capacity = 92 mequiv/100g, surface area = 750 m2/g). 

The other chemicals used in this work, including (trimethoxysilyl) propyl methacrylate, 

MAPS), glycidyl methacrylate (GMA), 2,2-dimethoxy-2-phenylacetophenone (DMPA), 

ethylenediamine (EDA), chloroauric acid (HAuCl4), sodium borohydride (NaBH4), 4-

nitrophenol (4NP) and pesticide (PDM) were purchased from Sigma–Aldrich Chemical 

Company, France. Ethanol (EtOH), acetonitrile (ACN), chloroform, and hydrochloric acid 

(HCl) were used as solvents and were purchased from Alfa-Aesar. All chemical reagents used 

in this work were of analytical grade and were used without any further purification. A 

Millipore Milli-Q system was used to generate deionized water (DI water).  

 

2.2. Synthesis of MMT-PGMA nanocomposite 

The poly(glycidyl methacrylate) grafted MMT-Na was synthesized using the procedure 

established in our previous work (Vo et al ., 2019). Briefly, a 2 wt.% of MMT-Na was 

activated in a solution of chlorohydric acid and after separation by centrifugation and an 

abundant rinsing with water, the dried activated powder (MMT-OH) was silanized with 3-

(trimethoxysilyl)propyl methacrylate (ɤ-MAPS). The obtained MMT-MAPS was then 

dispersed with stirring in a mixture containing GMA, DMPA photoinitiator and ACN and 

then irradiated under UV light at 365 nm. The MMT-PGMA nanocomposite was obtained 

after 3h of photopolymerization followed by three cycles of centrifugation/rinsing in 

acetonitrile, ethanol, and chloroform, respectively. Finally, the MMT-PGMA powder was 

dried at 60°C under vacuum.  
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2.3. Amine-surface functionalization of MMT-PGMA 

Amine-functionalized MMT-PGMA was obtained by mixing 100 mg of MMT-PGMA and 2 

mL of EDA in 20 mL of ACN under continuous stirring at 60°C for 6 h. Subsequently, the 

resulting MMT-PGMA-NH2 powder was recovered by centrifugation and rinsed with ACN 

and ethanol and then dried at 60°C under vacuum. 

 

2.4. In-situ generation of gold NPs on MMT-PGMA-NH2 

Immobilized gold nanoparticles were synthesized through reduction of gold ionic precursor 

(i.e. AuCl4
-) chelated on MMT PGMA-NH3

+ using sodium borohydride as reducing agent. So, 

prior to adsorption of gold ions (AuCl4
-), the nitrogen atoms of MMT-PGMA-NH2 were 

protonated via acid treatment. Typically, 100 mg of MMT-PGMA-NH2 were dispersed in 20 

mL of 0.1 M HCl under continuous stirring at room temperature for 1 h. After recovering by 

centrifugation and drying under vacuum, the MMT-PGMA-NH3
+ was dispersed in 10 mL of 

10-3 M aqueous HAuCl4 solution under continuous stirring at room temperature for 5 h. After 

water washing and vacuum drying, the nanomaterial showed a light pink color indicating the 

adsorption of gold ions. A control of gold nanoparticles size was obtained by variation of 

NaBH4 to HAuCl4 molar ratios (R1=100:1, R2=50:1 and R3=10:1). For this, an aqueous 

solution of NaBH4 was added under stirring to an aqueous dispersion of MMT-PGMA-NH3
+- 

AuCl4
-, and the powder color changed again from light pink to dark purple which is an 

evidence of the formation of gold nanoparticles. The reaction mixture was kept for 30 min 

under vigorous stirring at room temperature. Afterwards, the as-designed hybrid 

nanomaterials, abbreviated AuNPs-decorated clay nanostructures, was collected by 

centrifugation and thoroughly rinsed with DI water and then dried at 60°C under vacuum. 

 

2.5. Characterization 

X-ray photoelectron spectroscopy (XPS) analysis was recorded to determine the surface 

chemical compositions and the structures of the clay-based nanostructures samples using a 

Thermo Scientific K-Alpha spectrometer equipped with a monochromatic Al-Kα X-ray 

source (hν = 1486 eV, spot size = 400 µm, pass energy of surveys = 200 eV and of narrow 

regions = 50 eV), and magnetic lens enables analysis of small areas with increased sensitivity. 

The charge compensation was provided by a combination of an electron flood gun with an 

argon ion gun. The collected spectra were analyzed by using avantage software.  

Fourier transform infrared (FTIR) analysis was conducted on a Bruker TENSOR 27 FTIR 

spectrometer equipped with a diamond attenuated total reflectance (ATR) module. The 
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measurements were performed in the wavenumber range of 400-4000 cm-1 at 4 cm-1 

resolution. For comparison of the intensity of the different samples, the spectra are 

normalized with respect to the bands of Si-O-Si at ~ 1115-1150 cm-1.  

Thermal gravimetric (TGA) measurements were performed in argon flow using a Setaram 

Setsys Evolution 16 apparatus in the temperature range of 20-800°C with a heating rate of 

10°C/min. TGA was applied to evaluate the weight percentage of gold in the heterogeneous 

nanocatlysts.  

Powder X-ray diffraction (XRD) measurements were performed to study the crystalline 

structure of the designed gold nanoparticles using a Bruker D8 Advance diffractometer using 

Cu Kα source (λ=1.54 Å) in the 2θ range of 20-80°.  

Transmission electron microscopy (TEM) micrographs was used to study the immobilized 

gold nanoparticles morphology and dispersion on the surface of MMT-PGMA-NH2 chelatant 

platforms.  Before TEM analysis, the samples were first dispersed in ethanol, then small drop 

of the dispersion was deposited on the carbon coated copper grid of the microscope, finally 

the solvent was evaporated at room temperature under air. TEM analysis were then carried out 

on a FEI Tecnai F20 ST microscope, equipped with a Field Emission Gun (FEG), super twin 

objective lens, and an electron energy loss filter GIF and operating at 200 keV.  

UV-Vis absorption spectra were recorded at room temperature on an Agilent Cary 60 UV-Vis 

spectrophotometer, where the measurements were performed directly in 3 mL quartz cuvettes 

between 200-800 nm at 25°C. This technique was used to monitor the conversion progress 

versus time of the nitroaromatic compounds to their corresponding aminoaromatic 

derivatives.  

 

2.6. Conversion of nitroaromatic derivatives using AuNPs-decorated clay 

nanostructuresas heterogeneous nanocatalysts 

To examine catalytic efficiency of the as-prepared AuNPs-decorated clay nanostructures, 

hydrogenation para-nitrophenol was chosen as model reaction in the presence of excess of 

NaBH4 as 4NP is converted to 4AP without the formation of by-products. In addition, the 

reaction monitoring is very convenient (Chenouf et al., 2019; Xiao et al., 2018). This catalyst 

was then tested in the conversion of a nitroaromatic herbicide with two nitro groups, namely 

pendimethalin (PDM), one of the commonly used pesticide. The structures and some 

chemical properties of these nitroaromatics are given in Table 3. 
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Table 3. Chemical properties of 4-Nitrophenol and Pendimethalin. 

Characteristic 4-Nitrophenol Pendimethalin 

Molecular formula C6H5NO3 C13H19N3O4 

Chemical name 4-Hydroxynitrobenzène 
N-(1-ethylpro-pyl)-2,6-

dinitro-3,4-xylidine 

Molecular weight (g.mol-1) 139.10 281.31 

λmax (nm)  317 450 

pka 7,15 2.8 

Use Drugs, pesticides, and dyes Pesticides 

Chemical structure 

 

 

References ATSDR 1992 Mao et al., 2014 

 

 

In a typical procedure for the hydrogenation experiments, to 3.3 mL of Milli-Q water placed 

in a 10 mL glass vial were added under stirring, 100 µL of 4 mM 4NP or pendimethalin 

solution and 100 µL of 0.05 M aqueous NaBH4 freshly prepared. Subsequently, 500 µL of an 

aqueous suspension of AuNPs-decorated clay nanostructures at 2 mg/mL were injected to the 

above suspension, after a quick mixing, 2 mL of this reaction mixture was put in a 1 cm path 

length quartz cuvette equipped with a magnetic stirring bar. The reaction evolution was in-situ 

monitored using Cary 60 UV-vis spectrophotometer in a scanning range of 200 to 800 nm. It 

is worth to mention that no plasmon band has been observed in this wavelength range, for 

MMT-supported AuNPs nanocatalyst amount used here. Indeed, the gold NPs are strongly 

anchored to the rich-amine platforms preventing leaching of gold NPs, which in solution 

displays strong absorbance band in the visible region in the range of 500 nm and 600 nm. 

The kinetic of the hydrogenation reactions was studied by following the evolution of the 

maximum optical absorption peaks of 4NP at 400 nm and PDM at 450 nm, and this every 30 

second. Attention was also focused on the effect of different experimental conditions such as 

concentration of catalyst and 4NP as-well-as gold nanoparticles size on the rate of the 
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catalytic reduction of 4NP. Then the optimized conditions were selected to the conversion of 

PDM. The value of the catalysis apparent rate constant (kapp) was calculated from kinetic data 

following a pseudo-first-order reaction and its assumed to be independent of the concentration 

of NaBH4 due to its large excess compared to those of 4NP ([NaBH4] = 12.5 [4NP]) (Wunder 

et al., 2011).  

kapp value was determined from plot of ln (At/A0) versus time (t), using the kinetic equation: 

ln (At/A0) = kapp.t   (1)  

Herein, At are the values of absorbance of 4NP at 400 nm and PDM at 450 nm at any time 

and A0 are the values of absorbance of 4NP at 400 nm and PDM at 450 nm at 0 min. 

 

2.7. Recovery of MMT-supported AuNPs nanocatalyst 

To validate the reusability of the heterogeneous nanocatalyst, we performed seven cycles of 

4NP conversion under the optimized conditions using AuNPs-decorated clay nanostructures 

obtained with R1 ratio. After each reaction cycle, the nanocatalyst powder was removed from 

the reaction medium by centrifugation for 10 min, rinsed thoroughly with ethanol and water 

to remove any adsorbed 4NP and then dried under vacuum at 60°C. Thereby, the recovered 

nanocatalyst is used for another reaction cycle.  

 

3. Results and discussion 

3.1. Characterization of MMT-PGMA-NH2 chelatant platforms 

For the present study, robust and reactive poly(glycidyl methacrylate)-montmorillonite clay 

nanocomposite (MMT-PGMA), previously reported in our earlier published work (Vo et al ., 

2019) has been selected as reactive nanomaterial for the design of an amine-functionalized 

platforms (MMT-PGMA-NH2) as powerful chelatant platforms for the stabilization of a high 

density of size-controlled gold nanoparticles (AuNPs). As well-dispersed supported fine gold 

particles are widely used as efficient heterogeneous catalysts for several important chemical 

transformation reactions under relatively mild conditions due to their outstanding activity, the 

designed hybrid nanomaterials AuNPs-decorated clay nanostructures served as catalysts 

support for reducing endocrine disruptors (4NP and pendimethalin) in the presence of NaBH4. 

Scheme 1 depicts the different steps for the synthesis approach used for the preparation of the 

AuNPs-decorated clay nanostructures with photographs of the various samples. 

The MMT clay was firstly acid treated in 0.5 M HCl at 60°C during 3 h in order to activate 

the clay surface groups ensuring covalent grafting of the internal surface of the layers with 

organosilane coupling agent (MMT-OH). In addition, this acid activation ensures swelling of 
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clay, which facilitate the penetration of these organosilane molecules in between the layers. In 

the absence of acid treatment, the covalent grafting takes place only on the edges of the clay 

layers leading to a low grafting density. Subsequently, a polymerizable coupling agent (3-

(trimethoxysilyl)propyl methacrylate, MAPS) was grafted on the activated internal surface of 

the clay layers at room temperature using water as solvent. Indeed, it is well known that 

MAPS molecules bind to the clay surfaces through the formation of Si-O-Si bonds and this 

via covalent interaction between OH clay surface groups and ethoxy groups of MAPS. Then, 

exfoliated MMT-PGMA nanocomposite was fabricated by in-situ surface UV-initiated free-

radical polymerization of glycidyl methacrylate (GMA) on the MMT-MAPS at 365 nm using 

1wt.% DMPA photoinitiator to GMA in the presence of ACN. This polymerization reaction 

yields high density of pendent epoxide reactive groups on the surface of clay. The resulting 

MMT-PGMA was then covalently decorated with large amount of amine chelatant groups 

through ring-opening nucleophilic addition of the epoxide groups involving ethylenediamine 

(MMT-PGMA-NH2) in ACN solvent, providing suitable platforms for strong anchoring of 

uniformly dispersed and stable gold nanoparticles onto clay nanostructures. It can be observed 

from Scheme 1 an evident color change of the clay-based nanomaterials powders after each 

synthesis step which may reveal chemical's physical proprieties have been occurred 

successfully. The whole synthetic process was confirmed by various characterization 

techniques as described below.  
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Scheme 1. Schematic illustration of the step-by-step synthetic procedure of supported gold 

nanoparticles nanocatalysts and photographs of pristine and functionalized MMT at different synthesis 

steps. 

 

 

The chemical attachment of the methacrylate silane coupling agent on the surface of the clay 

layers was ascertained by IRTF and XPS analyses (Figure 16). As shown in Figure 16a, the 

FTIR spectrum of the MMT-MAPS reveals characteristic absorption bands at 2945 and 2890 

cm-1 attributed to the stretching vibrations of CH2 in the structure of the MAPS; the peaks at 

1726, 1636 cm-1 areascribed to the stretching vibration of C=O, C=C groups, respectively, 

which exist in the MAPS structure. It clearly demonstrates the grafting of MAPS coupling 

agent on the clay surface. The presence of MAPS linkers on MMT surface allows for the 

formation of strong immobilization of PGMA onto MMT. The grafting of poly(glycidyl 
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methacrylate) on clay was first characterized by IRTF and the comparison to the MMT-

MAPS spectrum reveals various differences. As shown in Figure 16a, the appearance of new 

peaks at 904, 845, and 757 cm-1 correspond to the stretching vibrations of the epoxide groups 

(Mahouche Chergui et al., 2010); the disappearance of the characteristic peak at 1634 cm-1 

assigned to C=C functions together with the strong increase in the intensity of the band at 

1726 cm-1 due to the stretching vibration of ester carbonyl (C=O) bond, confirm that the 

binding of poly(glycidyl methacrylate) chains on the MMT is performed successfully. After 

the reaction between MMT-PGMA and ethylene diamine, it can be obviously seen that all the 

peaks corresponding to the epoxide reactive groups has been disappeared owing to their 

complete conversion by nucleophilic addition. Moreover, new peaks were appeared in the 

IRTF spectrum of MMT-PGMA-NH2 at 3330, 1630 and 1485 cm-1, originating from N-H/O-

H stretching vibrations, O-H and C-N vibrations, respectively. This provides additional 

evidence of successful grafting of the ethylene diamine chelatant agent on the MMT-PGMA 

nanocomposite. So, these IRTF results reveal a high grafting density of tetheredPGMAto clay 

layers and hence led to a high content of amine functional groups which show great promise 

for adsorption of gold ions/gold nanoparticles.  

XPS characterization was taken to provide additional detailed information on the surface 

chemical composition of the MMT samples. The XPS spectra of MMT, MMT-MAPS, MMT- 

MMT-PGMA, and MMT-PGMA-NH2 chelatant platforms are shown in Figure 16b. It can be 

observed from the survey XPS spectrum that the characteristic signals for Al2p, Si2p, Ca2p, 

O1s and Na1s of pristine MMT are clearly detected at 75, 103, 352.5, 532 and 1072.5 eV, 

respectively. Additionally, an unexpected weak peak is detected at 285 eV attributed to C1s, 

originating from organic contamination of the MMT surface coming from environmental air, 

which has been observed commonly in previous reports on MMT. The peak of Na1s 

disappears from the XPS spectrum of the activated MMT (MMT-OH) explained by the 

removal of sodium cations by acid treatment, which greatly enhance reaction ability of MMT 

with MAPS coupling agent. The survey spectrum of MMT-MAPS (Figure 16b) clearly 

indicates a significant increase in the relative C1s peaks intensity. Additionally, the high 

resolution C1s peak (Figure 16c) is fitted with four components centered at 284.2, 

285, 286.6, 289 eV, corresponding to carbons in C-Si, C-C/C-H, C-O, O-C=O groups, 

respectively. This proves the successful functionalization of the MMT with MAPS which also 

supports the findings in the IRTF measurements of the MMT-MAPS. Next, the intensities of 

C1s and O1s peaks greatly increased after linking of the PGMA chains to the MMT-MAPS. 

The measured C1s/O1s atomic ratio (C1s/O1s=2.26) of MMT-PGMA; calculated from the 
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intensity of C1s and O1s peaks, multiplied by sensitivity factors (C1s = 1 and s O1s = 2.75), 

is very close to the theoretical ratio determined for GMA unit C7O3 (C1s/O1s =2.33), which 

indicates the presence of a densely tethered PGMA polymer chains at the MMT surface. 

Moreover, the C1s peak is deconvoluted to three main peaks centered at 285 eV, 

corresponding to aliphatic backbone of PGMA (C-C and C-H); 286.6 eV, representing carbon 

atoms of C-O-C and C-O groups, and 289 eV, assigned to carbon atoms in ester groups (O-

C=O) of PGMA (Figure 16d).  

The chemical grafting of ethylene diamine was confirmed by the appearance of a new peak at 

400 eV, which is ascribed to the N1s owing to the amino groups of ethylene diamine 

molecules. Moreover, the presence of an additional component centered at 285.9 eV (C-N 

bonds) as well as the disappearance of epoxide contribution (C-O-C) at 286.6 eV, and thus 

broadening of the main of the C1s deconvoluted peak, undoubtedly give a proof for the ring-

opening reaction happen with amine functional groups (Figure 16e).  

 

4000 3500 3000 2500 2000 1500 1000 500

Si-O-Si

MMT-PGMA-NH
2

MMT-MAPS

N-C

NH

NH/OH

NH/OH

MMT

CH
2
/CH

3

C=O

C=C O

MMT-PGMA

T
ra

n
s

m
it

a
n

c
e

 (
a

.u
)

Wavenumber (cm
-1

)

0 2 4 6 8 10

(a)

 

1000 800 600 400 200 0

(b)

Mg
Auger

Ca2p

Al2p
Na

Auger

Si2s
Si2pN1s

O1s

C1s

Binding Energy (eV)

Na1s

MMT

MMT-OH

MMT-MAPS

MMT-PGMA

MMT-PGMA-NH
2

 

292 288 284 280

C1s

C-Si

(c)

O-C=O

C-C / C-H

In
te

n
s

it
y

 (
a

.u
)

Binding Energy (eV)

C-O

292 288 284 280

C1s(d)
C-O / O-C-O C-C / C-H

In
te

n
s

it
y

 (
a

.u
)

Binding Energy (eV)

P
e

a
k
1

O-C=O

292 288 284 280

C1s(e)

C-O / C-N C-C / C-H

O-C=O

In
te

n
s

it
y

 (
a

.u
)

Binding Energy (eV)

P
e

a
k
1

 

Figure 16.  MMT, MMT-OH, MMT-MAPS, MMT-PGMA, MMT-PGMA-NH2 (a) FTIR spectra, (b) 

XPS survey spectra, and C1s High resolution XPS scans of (c) MMT-MAPS, (d) MMT-PGMA, (e) 

MMT-PGMA-NH2. 
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3.2. Gold NPs immobilization on MMT-PGMA-NH2 platforms 

Tetrachloroaurate (III) ions (AuCl4
-)were strongly adsorbed on the abundant protonated amine 

groups of amine-containing nanocomposite dispersed in water through electrostatic attraction, 

and then Au3+ ions were in-situ reduced to colloidal gold by adding aqueous NaBH4 chemical 

reducing agent at room temperature. The adsorption of gold ions and their in-situ reduction to 

gold nanoparticles can be easily observed with the naked eye via the remarkable successive 

color change of the MMT samples from blank to light pink associated with the formation of 

amine-AuCl4
- complexes on the surface of the amino-chelatant platforms, then to dark purple 

indicating the formation of AuNPs (see Scheme 1). In order to tune the nanoparticles size, the 

NaBH4 /HAuCl4 molar ratios fixed to 0.1, 05, and 1. These ratios were noted R1, R2, and R3 

for 0.1, 0.5, and 1, respectively. 

To confirm the successful formation of gold nanocrystals on the amine-functionalized clay 

platforms, the as-designed AuNPs-decorated clay nanostructures were characterized by XPS, 

XRD, TGA, and SEM (Figure 17 and 18). Figure 17a displays a representative XPS spectra 

of AuNPs-decorated clay nanostructures obtained from R1. As depicted in the XPS survey 

spectrum, several characteristic peaks are obviously observed at 84, 335/353 eV, which can 

be attributed to the Au4f and Au4d signals. The Au4f high-resolution scan (Figure 17b) 

shows a peak doublet centred at 83.5 and 87.5 eV, corresponding to the Au4f 5/2 and Au4f 7/2, 

typical of metallic gold (Au0) (Rocha et al., 2018). 

The crystalline structure of the same sample was monitored by powder X-ray diffraction 

(XRD) and its pattern is shown in Figure 17c. The five well-defined characteristic diffraction 

peaks with 2θ values of 38.1°, 44.4°, 64.7°, 77.84 and 81.4°, can be related to the (111), 

(200), (220), (311) and (222) crystalline planes corresponding to the face-centred cubic (fcc) 

structure of AuNPs, respectively, consistent with the zero valent gold data known in the 

literature (Borah et al., 2010). This result further proves the crystalline nature of the gold 

confirming XPS analysis. The hump around 2θ = 30°can be attributed to the amorphous 

framework of the PGMA.  

TGA measurements aim to determine the content of gold on the surface of clay 

nanostructures.  

It can be seen from the curves in Figure 17d that the different AuNPs-decorated clay 

nanostructures obtained from the three NaBH4/HAuCl4molar ratios show very similar thermal 

properties with only a very slight difference in terms of gold content.From the comparison 

between the mass losses for the gold-free clay nanostructures and the three gold-containing 

one at 800°C, one can estimate the gold content to 22, 21, and 19 wt.% for R1, R2, and R3, 
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respectively. This difference could be explained by the small difference observed in size of 

the AuNPs as shown by the SEM results in the following section.  
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Figure 17. (a) XPS survey spectrum of MMT-PGMA-NH2@AuNPs, (b) Au 4f high resolution XPS 

spectrum of MMT-PGMA-NH2@AuNPs, (c) XRD patterns of MMT-PGMA-NH2@AuNPs, and (d) 

TGA curves of MMT-PGMA-NH2@AuNPs (R1), NH2@AuNPs (R2) and NH2@AuNPs (R3). 

 

 

Next, to study the morphological properties and the dispersion state of the AuNPs 

immobilized on the amine-functionalized MMT-PGMA platforms, scanning electron 

microscopy (SEM) analyses were conducted. As expected, the SEM images (Figure 18) show 

a uniform dispersion of stable spherical gold colloids (AuNPs) on the surface of amine-

functionalized clay platforms for the three NaBH4/HAuCl4 molar ratios without detectable 

aggregation. The histogram analyses results obtained on more than 100 nanoparticles 

analysed using Image J software, shown in Figure 18b, d and f revealed that the AuNPs 

detected on the surface of the amino-chelatant platforms are ultra-small and exhibited a 

relatively narrow size distribution (for 23.33, 30 and 33.33 % NPs) with an average size 

centred at 5, 8, and 9 nm for R1, R2 and R3, respectively. Interestingly, it was observed that 
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the sizes of the AuNPs were sensitive to the NaBH4/HAuCl4 molar ratios, since the larger one 

was more favourable as it gives smaller average size and thus slightly greater amount of 

immobilized AuNPs on the surface of clay nanostructures. These results demonstrate that we 

were able to produce AuNPs with controlled size varying simply the concentrations of Au 

precursors.  

Further evidence for the successful in-situ generation and stabilization of gold nanoparticles 

on amine-functionalized clay platforms.  

To demonstrate the crucial role of amino-chelatant groups in the adsorption and stabilization 

of AuCl4
- ions converted to gold crystals by chemical reduction using NaBH4, a control 

experiment under the conditions of R1 was carried out using MMT-PGMA before its 

functionalization with ethylene diamine. As could be seen in Figure 18g, AuNPs are poorly 

adsorbed and strongly aggregated on the surface of MMT-PGMA nanocomposite. As 

expexted, the incorporation of the amine groups derived from ethylene diamine molecules 

into the MMT-PGMA brings about remarkable enhancement to the AuNPs stabilization as a 

result of binding of Au to amine groups. 
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Figure 18. SEM images and AuNPs size distribution of (a, b) MMT-PGMA-NH3

+@Au (R1), (c, d) 

and MMT-PGMA-NH3
+@Au (R2), and (e, f) MMT-PGMA-NH3

+@Au (R3) and SEM image of MMT-

PGMA@AuNPs. 
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3.3. Catalytic performances of the AuNPs-decorated clay nanostructures 

To evaluate the catalytic activity of the newly designed AuNPs-decorated nanostructures, they 

were employed as heterogeneous nanocatalyst for sodium borohydride-assisted catalytic 

hydrogenation of two nitroaromatic herbicides at room temperature (Mao et al., 2014).  

As can be observed in Figure 19, the absorbance band of p-nitrophenol is shifted from 317 

nm to 400 nm after addition of NaBH4 solution accompanied with color change from light 

yellow to dark yellow, indicating the formation of p-nitrophenolate ions as a result of the 

deprotonation OH groups of 4NP under alkaline conditions (Esumi et al., 2004). It is worth to 

note that in the absence of MMT-PGMA-NH3
+@AuNPs nanocatalyst, the intensity of the 

absorption band of these phenolate ions remained almost unchanged even after a long period 

of time (72 h), demonstrating that the conversion of 4NP to 4AP does not occur. A same 

result was also observed in the case of presence of the nanocatalyst without NaBH4. These 

observations evidence that the presence of BH4
- or nanocatalyst alone is not enough for 

reduction of 4NP. While, after the addition of MMT-PGMA-NH3
+@AuNPs to a solution of 

4NP containing NaBH4 prepared in the same conditions as before, the 400 nm band 

absorption of p-nitrophenolate ions completely disappeared within only 3 min, while at the 

same time a new band was appeared at 296 nm as a result of the formation of p-aminophenol. 

This is revealed that gold nanoparticles stabilized on MMT-PGMA-NH2 nanostructures act as 

a very efficient heterogeneous nanocatalyst for the reduction of p-nitrophenol to p-

aminophenol in the presence of sodium borohydride in an aqueous medium.This catalytic 

ability is due to the interesting property of AuNPs which can act as an electron relay system 

when their potential redox is situated between a nucleophile (here BH4
-, E°

H3BO3/BH4
-=-1.33V 

vs ENH) and an electrophile (here 4NP, E°
4NP/4AP=-0.76V vs ENH). In fact, the reduction 

reaction takes place at the surface of the gold NPs where NaBH4 gives electrons to AuNPs 

which in turn transfer these electrons to 4NP, making its reduction more favourable 

kinetically and thermodynamically. Thereby, in the absence of the nanocatalyst, the high 

difference between the two redox couples (AE°= -0.57 V) originated a kinetic barrier and thus 

extremely low reduction rate. 
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Figure 19. UV-vis absorption spectra of (black) pure p-nitrophenol, (red) p-nitrophenol directly after 

addition of NaBH4, (grey) p-nitrophenol 72 h after addition of NaBH4, (blue) p-nitrophenol 72 h after 

addition of MMT-PGMA-NH3
+@AuNPs. The insets show (1) the catalytic reduction of p-nitrophenol 

by MMT-PGMA-NH3
+@AuNP (R1) nanostructures and NaBH4, (2) photographs of pure p-nitrophenol 

solution, p-nitrophenolate obtained by addition of NaBH4 to p-nitrophenol solution, and p-

aminophenol solution as a result of reduction of p-nitrophenol by MMT-PGMA-NH3
+@AuNP (R1) 

and NaBH4. 

 

 

3.4. Effect of size and concentration of immobilized AuNPs nanocatalyst on 

the rate reduction of 4NP 

To investigate the dependence of apparent rate constant (kapp) on the operating conditions, the 

influence of various parameters such as the size of the immobilized gold nanoparticles, the 

nanocatalyst dosage, and the 4NP initial concentration was studied in the catalytic conversion 

of 4NP to 4-aminophenol (4AP). This conversion was easily detected by UVvis spectroscopy 

as well as with the naked eye as the color of the solution mixture changes gradually from dark 

yellow to light yellow before becoming finally colorless. Thus, the obtained absorption 

spectra were used to plot the curve of ln (A/A0) versus time (min) from which kapp were 

determined from the slope of curves. As seen from these plots, all gave straight lines with 

negative slopes.  

First, we conducted a comparative catalytic activity of the three sizes of AuNPs. The results 

of UV-vis spectra of Figure 20 a, c, and e show that the intensities of the 400 nm absorption 

bands related to p-nitrophenolate ions decreased gradually over time to give 100 % 

conversion. The correlation between the kapp and the AuNP size is shown in Figure 20d. As 

expected, a faster reduction reaction of 4NP was revealed using smaller AuNPs (~average 
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diameter of 5 nm) with respect to the other prepared nanostructures, and this to achieve a total 

conversion within 3 min. Hence, the order of efficiency is MMT-PGMA-NH3
+@AuNPs (R1) 

> MMT-PGMA-NH3
+@AuNPs (R2) > MMT-PGMA-NH3

+@AuNPs (R3), with kapp values of 

1.00 x 10-2 s-1, 5.29 x 10-3 s-1, and 6.14 x 10-3 s-1, respectively (Figure 20b). The obvious size-

dependent catalytic activity of supported AuNPs can be explained by the increases of their 

active surface area with decreasing of their size resulting in the enhancement of the 

concentration of 4NP on the immobilized AuNPs, which accelerates the catalytic conversion 

of 4NP. We can see in Figure 20d that there is a linear relationship between the determined 

kapp and the size of AuNPs.  

With the aim to study the effect of the concentration of catalyst on the conversion kinetic, 

experiments were conducted using the more active nanocatalyst (AuNPs of 5 nm diameter) at 

varying its dosage from 0.5 to 2 mg.mL-1, and keeping other parameters constant ([BH4
-] = 

12.5 10-4 M and [4NP] = 10-4 M, T = 22°C). Figure 20f shows the dependence of kapp on the 

amount of nanocatalyst in the conversion of 4NP to 4AP. It can be observed that kapp 

increased with an increase in the nanocatalyst concentration. Undoubtedly, a high 

concentration of the nanocatalyst would provide larger number of available active sites that 

can enhance the adsorption of 4NP and BH4
-, thus, leading to an obvious increase of reduction 

reaction rate.  
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Figure 20. Time-dependent evolution of UV-vis absorption spectra showing the gradual reduction of 

p-nitrophenol and plots of ln(A/A0) versus reaction time for the catalytic reduction of p-nitrophenol by 

(a, b) MMT-PGMA-NH3
+@AuNPs (R1), (c, b) MMT-PGMA-NH3

+@AuNPs (R2), (e, b) MMT-

PGMA-NH3
+@AuNPs (R3) and NaBH4. Plot of kapp versus (d) size and area of AuNPs (f) 

concentration of MMT-PGMA-NH3
+@AuNPs (R1) nanocatalyst for the catalytic reduction of p-

nitrophenol. 
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3.5. Pendimethalin pesticide conversion 

To demonstrate the catalytic performances of the as-designed AuNPs-decorated 

nanostructures, their application has been extended to the conversion of dinitroaromatic 

compounds such as pedimethalin herbicide, and this in the presence of an excess of NaBH4. 

For this, we used the prepared nanostructures containing the smaller gold nanoparticles, i.e., 

MMT-PGMA-NH3
+@AuNPs (R1). This choice is justified by their high catalytic activity with 

respect to MMT-PGMA-NH3
+@AuNPs (R2) and MMT-PGMA-NH3

+@AuNPs (R3) 

nanocatalysts as demonstrated before. Figure 21 shows that compared with the case where 

NaBH4 was introduced to an aqueous solution of PDM, adding AuNPs-decorated 

nanostructures enhanced remarkedly the reduction kinetic of PDM to its corresponding 

diaminoaromatic derivative under atmospheric conditions. As can be observed from Figure 

21b, the characteristic absorption bands of PDM at 450 and 290 nm gradually decreased 

indicating that the complete reduction process required 10 min, and this with a rate value of 

2.00 x 10-3 s-1. This confirms that the immobilized AuNPs play efficiently the role of mediator 

as they ensure a high transfer rate of electrons from NaBH4 to PDM. 

These results prove that the as-prepared AuNPS-decorated nanostructures are promising 

heterogeneous nanocatalysts towards the reduction of both mono- and dinitroaromatic 

compounds. 
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Figure 21. (a) UV-vis absorption spectra of (black) pure pendimetalin, (red) pendimetalin 72 h after 

addition of NaBH4, (blue) pendimetalin 72 h after addition of MMT-PGMA-NH3
+@AuNPs, (grey) 

pendimetalin 72 h after addition of MMT-PGMA-NH3
+@AuNPs and NaBH4 and (b) time-dependent 

evolution of UV-vis absorption spectra showing the gradual reduction of pendimetalin by MMT-

PGMA-NH3
+@AuNPs (R1) and NaBH4. The insets show (a) the catalytic reduction of pendimetalin by 

MMT-PGMA-NH3
+@AuNP (R1) and NaBH4 and photographs of pure pendimetalin and the obtained 

reducted pendimetalin, and (b) plots of ln(A/A0) versus reaction time. 
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3.6. Mechanism of 4-NP Reduction Reaction byMMT-PGMA-NH3
+@AuNPs 

In order to explain the reaction mechanism of the catalytic reduction of 4-NP onto metallic 

nanoparticle surfaces by using borohydride solution various studies have been reported in the 

literature (Fedorczyk et al., 2015; Gu et al., 2014; Tang et al., 2009) 

Previous mechanistic investigations demonstrated that gold nanoparticles can act as electron 

doners in reactions under the effect of NaBH4 as a good source for hydrogen generation 

(Wunder et al., 2011). 

Since the reduction of 4-NP occurs on the surface of the catalyst, langmuir-Hinshelwood 

mechanism was proposed by Wunder and co-workers as a mechanistic model to explain the 

reduction reaction of 4-NP by NaBH4 in the presence of metallic nanoparticles. 

Thereby, a detailed catalysis mechanism was proposed by Gu et al. (2014) and Kohantorabi 

and Gholami (2017) as shown in Scheme 2. 

 

Scheme 2. Proposed mechanism of the catalytic reduction of 4-NP by NaBH4 over the MMT-PGMA-

NH3
+@Au nanocomposites. 

 

 

According to their proposed model, the surface of metallic nanoparticles serves as the location 

where the catalytic reduction process occurs. 

Firstly, 4-NP adsorbs on the surface of the metallic nanoparticles, and concomitantly, 

borohydride ions bind to the surface and would give electrons to the catalyst and quickly 

reach an adsorption/desorption equilibrium. 
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Subsequently, hydrogen is liberated due to reduction of water to H2. Finally, active hydrogen 

species are formed on the surface of NPs and 4-NP is reduced. 

 

3.7. Reusability test of the nanocatalysts 

The recyclability is one of the most important properties of metal nanoparticles-based 

heterogeneous catalysts for their application. As well-known, regeneration is directly related 

to the ability of the catalyst to maintain the stability of the dispersion of the metal 

nanoparticles on the support while avoiding AuNPs leaching. Indeed, the high dispersion of 

metal nanoparticles facilitates the access of the nitroaromatics to the active sites of these 

heterogeneous nanocatalysts. To evaluate the recyclability of MMT-PGMA-NH3
+@AuNPs 

(R1) nanocatalyst, the 4NP reduction reaction was tested for seven cycles under the optimum 

conditions employing the same catalyst sample after washing with ethanol, water, and drying 

under vacuum at 60°C. The percentage of reduction was calculated using the area under the p-

nitrophenolate ion absorption band at 400 nm in the UV-vis. Figure 22 revealed that this 

nanocatalyst was stable and could be used for several runs without significant loss of its 

activity as the conversion of 4NP kept 92.5% of the initial capacity even after 7 regeneration 

cycles. This very low alteration of the catalytic properties of the supported AuNPs could be 

explained by their non-aggregation during the reactions processes demonstrating the key role 

of the chemical surface functionalization of MMT support with amino chelatant groups in the 

strong interactions with AuNPs.  
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Figure 22. Reusability of the MMT-PGMA-NH3
+@AuNPs nanostructure as heterogeneous catalyst 

for the reduction of 4NP using NaBH4. 
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4. Conclusion 

In summary, size-controlled and stable AuNPs were in-situ generated and stabilized on 

amine-functionalized MMT-PGMA chelatant platforms through a simple and fast reducing 

process using sodium borohydride.   

The as-obtained AuNPs-decorated nanostructures served as highly active and reusable 

heterogeneous nanocatalysts for the complete reduction of nitroaromatic endocrine 

compounds, namely p-nitrophenol and pendimethalin. These chelatant platforms could be 

used as promising supports for dispersing and stabilizing various catalytic metal or metal 

oxide nanoparticles with desired size, shape, and composition active in reduction, oxidation, 

or cross-coupling reactions.   
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Section 2 

Palladium nanoparticles decorated dually functionalized green synthesized 

graphene/clay nanohybrid: A promising heterogeneous catalyst for water remediation 

 

1. Introduction 

Decoration of solid supports with nano-sized metallic nanoparticles is of great interest in 

tuning materials properties for the fabrication of advanced hybrid materials for applications 

from electronic (Bashir et al., 2019), biomedical (Zhang et al., 2012), energy storage (Rosaiah 

et al., 2017), and sensing (Zhao et al., 2019), to heterogeneous catalysis (Luo et al., 2019).  

Nano-sized metallic particles possess unique optic and electronicproperties (Shipilova et al., 

2020). In addition to these properties, they have a remarkablesurface-to-volume ratio, 

resulting in a high number of available active sites per unit area in comparison with their bulk 

analogs, making them excellent candidates for catalysis (Singla et al., 2016). However, this 

feature is often strongly altered, when the metallic nanoparticles (MNPs) are used alone, they 

tend to agglomerate because of their high surface free energy. This induces a strong decrease 

in their thermodynamic dispersion stability and hence the loss of their surface area, that 

resulted in drastic decrease MNPs properties such as catalytic activity. Indeed, it is known 

that the catalytic performances of MNPs is intimately related to their size and stability (Dong 

et al., 2015). To improve the MNPs dispersion and to take full advantage of the benefits of 

nanosized effect, it is necessary to support the metallic nanoparticles by a solid platform such 

as polymers (Liang et al., 2013), clay nanoparticles (Dutta et al., 2018), mesoporous silica 

(Chen et al., 2010), cellulose nanoparticles (Kaushik and Moores 2016), carbon nanotubes 

(Fang et al., 2017) and graphene nanoplatelets (Su et al., 2017a), to name but a few. In 

particular, graphene, as a 2D monolayer of graphite, has been emerging as promising 

supporting material for MNPs due to its several unique properties, such as ultrasmall 

dimension, extraordinary specific surface area, unique mechanical, thermal, chemical, optical 

and electrical properties, as well as excellent electron transport property at room temperature 

(Liu et al., 2019). The graphene-based nanostructures have also shown great potential in 

heterogeneous catalysis (Dong et al., 2017). 

However, despite these remarkable properties there are critical limitations to the practical 

applications of pristine graphene-supported MNPs in heterogeneous catalysis related to, on 

the one hand, the aggregation of graphene nanoparticles due to the strong π- π stacking 

interactions between graphene nanolayers, and on the other hand, the weak interactions 

between graphene and the MNPs which result in a poor control of the size and the dispersion 
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stability of the MNPs, thereby making the catalytic active sites inaccessible (Guo et al., 2019). 

Chemical surface modification of graphene with suitable functional entities exhibiting high 

binding affinity to metal ions can be used for the direct generation of metal nanoparticles 

having fine controlled size, morphology, size distribution, and density on the surface of the 

support. This is powerful strategy for designing highly stabilized and homogeneously 

dispersed MNPs (Si and Samulski 2008). The functionalization is very versatile as it enables 

the introduction of various desired functional moieties including amine, thiol, phosphonic, 

sulphonic and carboxylic acid, and so on, providing an opportunity for in-situ designing a 

wide variety of catalytic systems by using reducing agents like hydrazine, ascorbic acid, 

sodium citrate, sodium borohydride (De Silva et al., 2017 ; Şenol et al., 2019). Furthermore, 

graphene surface functionalization has a dual role, namely, improving ability to anchor and 

stabilizing MNPs, and enhancing the dispersion of graphene, because the functional surface 

modifiers act also as surface passivation agents. Although functionalized graphene/MNPs 

systems exhibit interesting catalytic properties, their stability is compromised by the stability 

of the interface between graphene support and the functional groups (Kou et al., 2011). To 

date, strategies including non-covalent and covalent chemical modification methods have 

been developed to design MNPs-decorated graphene nanohybrids (Silva and Cesarino 2019). 

The covalent surface functionalization strategy is expected to be more appropriate as it 

provides much stronger interfacial adhesion compared to that obtained with the non-covalent 

one. This leads to more stable and higher resistant hybrid nanocatalysts which would result in 

preventing metal leaching. Furthermore, the stability of nanocatalysts plays a key role not 

only because it preserves a desirable catalytic activity during recyclability/reusability tests but 

also for its preventing toxic effect of leached metal nanoparticles difficult to recover from 

solution (Sinha et al., 2019). Palladium nanoparticles (PdNPs) are one of the most commonly 

used transition metal nanoparticles as green catalysts for the efficient synthesis of chemical 

intermediates utilized in the design of pharmaceutical, agricultural, antioxidants, pigments 

advanced materials using, for example, cross-coupling (Mahouche Chergui et al., 2010) or 

annulation reactions (Sharma et al., 2017). In addition, PdNPs in the presence of hydrogen 

donors have been applied as efficient catalysts in the selective conversion of toxic compounds 

such as dyes into environmentally benign ones through the cost-effective and environment-

friendly hydrogenation reactions (Jin et al., 2010; Su et al., 2017b). 

Indeed, the high aqueous solubility of dyes and their wide use in several fields such as 

pharmaceutical (Wainwright 2008), food (Nollet 2004), paint (Pawlak et al., 2006), paper 
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(Hunger 2003) and textile (Muthu 2018), leads to an inevitable presence in wastewater which 

can have significant impact in environment and human health because of their acute toxicity. 

With the same aim of respecting the environment, nowadays, development of new generation 

of renewable and cost-effective value-added chemicals such as catalysts from sustainable, 

widely available, and low-cost precursors through environmentally friendly procedures is 

crucial. For this, and for the first time, graphene synthesized from sucrose, a natural 

disaccharide, as carbon resource, using bentonite, a natural inorganic multilayered 

nanomaterial, as a nanostructured template and pyrolysis green process as a scalable approach 

for producing carbonaceous materials, was used for the supporting of metal nanoparticles. 

The as-synthesized graphene-like nanomaterial (GHN) was then largely functionalized by 

epoxy reactive moieties (Chen et al., 2012; Tang et al., 2016). Owing to enhanced epoxy 

reactive groups density at the surface of GHN and stability/durability of functionalized GHN 

nanohybrid, two epoxy-based surface modifiers have been used to covalently functionalize 

GHN. First, (3-glycidyloxypropyl) trimethoxysilane (GPTMS) was grafted on both clay and 

graphene sheets of GHN with the double advantage of decoration of surface with epoxy 

moieties and delamination of the clay and graphene sheets. Then, due to their improved 

dispersion quality, the surface of GHN becomes more accessible which enable it to be used 

for further grafting of tris(4-hydroxyphenyl)methane triglycidyl ether (TGE). TGE 

trifunctional epoxy was used here as a surface modifier for covalent functionalization of 

graphene sheets in GHN, following method previously reported by Martinez-Rubi for 

producing a soft covalently bonded interface around the SWCNT (Martinez-Rubi et al., 

2011). 

The ring-opening of the grafted reactive epoxy groups using KMnO4/H2SO4 led to their 

readily convert to chelating carboxylic acid group (Sui et al., 2013). The deprotonated COOH 

grafted to GHN surface has been exploited to anchor large number of Pd2+ metallic ions 

viacomplexation reaction. The complexed Pd2+ were subsequentlyin-situ reduced for the 

generation of uniformly dispersed nano-scale palladium particles on GHN surface. Finally, 

the novel designed GHN-COOH@PdNPs nanohybrid material was used as efficient and 

recyclable heterogeneous nanocatalyst in reduction of different types of dyes. 

 

2. Experimental section 

2.1. Chemicals 

The sodium bentonite clay (BT) was purchased from Canadian Clay Products, Inc (65-85 

meq/100g ion-exchange capacity, 2.6 g/cm3 density) and used without further treatment. All 
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the following chemicals were purchased from Sigma-Aldrich and used as received: 

saccharose (C12H22O11, 99.5 %), (3-glycidyloxypropyl) trimethoxysilane (GPTMS, 

C9H20O5Si), tris(4-hydroxyphenyl)methane triglycidyl ether (TGE, C28H28O6), sodium cubes, 

contains mineral oil, 99.9% trace metals basis), naphthalene (99%), palladium chloride 

(≥99.9%), anhydrous toluene (99.8%), anhydrous tetrahydrofuran (99.8%) and sodium 

borohydride (NaBH4, 99%). The 0.1N sodium hydroxide (NaOH) was purchased from VWR 

Chemicals BDH Prolabo. The aqueous solutions used in this work were prepared with 

Millipore water (DI water).  

 

2.2. Preparation of GHN 

Graphene-like hybrid nanomaterial was prepared according to the previously described eco-

friendly method where natural clay and saccharose were used as precursor materials. Firstly, 

homogenized BT particles (<2µm) were vigorously dispersed in DI water at 83.3 % by 

weight. After 24 h of swelling at room temperature, the resulting suspension was mixed for 20 

min with an aqueous solution of saccharose (2 g/mL by weight) in 1:5 weight ratio (BT: 

saccharose) using a Velp mixer with a stirring speed of 400 rpm. Subsequently, the mixture 

was dried in an oven for 48 h at 50°C, followed by an activation in a furnace at 800°C for 1 h 

at a heating rate of 5°C/min under nitrogen flow. Finally, the obtained dark monolith was 

ground using a mortar and pestle (Pulvirisette 6, Laval Lab Inc.) until the particle size is less 

than 20 μm.  

 

2.3. GPTMS surface functionalization of GHN (GHN-GPTMS) 

Initially, 100 mg of GHN powder was homogeneously dispersed in 50 ml of 0.1M HCl 

under stirring for 15 min. The mixture was then ultrasonicated for 30 min to separate the 

sheets between them and facilitate the clay surface protonation. The suspension was filtered 

and rinsed with distilled water for several times to remove Cl- and any impurities, followed 

by dried at 60°C under vacuum. The obtaining activated graphene/clay GHN-OH was 

recovered for further use. GHN-GPTMS was prepared by dispersing 100 mg of GHN-OH in 

50 ml of anhydrous toluene followed by adding of 2 ml of GPTMS under magnetic stirring. 

The reaction mixture was heated at 50 °C and the suspension was continued stirring for 16 h 

under an inert atmosphere. The silanized product was collected by centrifugation after 

vigorous washing with water and ethanol and later dried at 60 °C overnight. 

 

 



141 
 

2.4. TGE surface functionalization of GHN (GHN-TGE) 

Prior to TGE grafting on the surface of GHN and in order to improve its dispersion, GHN was 

treated with an alkali metal (Na) in the presence of naphthalene which play the role of 

electron transfer mediator (Pénicaud et al., 2005). Then, 100 mg of GHN was dispersed in 50 

ml of anhydrous toluene by stirring for 15 min and sonication for 30 min. Separately 550 mg 

of naphthalene and 100 mg of sodium were mixed in 100 mL of anhydrous toluene with 

constant stirring at room temperature for few minutes. The colloid solutions were mixed 

under an inert atmosphere for 16h of stirring. Afterwards, the reaction mixture was washed by 

ethanol drop wise adding up to disappearance of the observed gas release, indicating the total 

unreacted sodium removal. Followed by purification of reaction mixture using rinsing with 

ethanol, water and then with acetone. Then it was dispersed in 100 mL of anhydrous THF by 

magnetic stirring and ultrasonication for 15 min, 2.3 g of TGE (10−1M) was added to the 

suspension and the mixture was stirred at room temperature overnight under an inert 

atmosphere. The GHN-TGE functionalized powder was filtered and washed several times 

with THF, with water and then with ethanol. The product was dried in vacuum at 60 °C. 

 

2.5. Post functionalization of GHN (GHN-GPTMS-TGE / GHN-TGE-

GPTMS) 

A dual surface functionalization of GHN was carried out with GPTMS and TGE going step 

by step. For this, GHN-GPTMS was post-functionalized by TGE and vice versa GHN-TGE 

by GPTMS in the same conditions as in the case of mono funtionalization.  

 

2.6. Ring opening of the epoxide modified GHN (GHN-COOH) 

G/MMT-GPTMS-TEG was dispersed in sulfuric acid (1M) with constant stirring then filtered 

after vigorous washing with water. After, an aqueous solution of potassium permanganate (20 

mg) was added and the mixed solution was stirred for few hours at room temperature. The 

obtained nanostructure (GHN-COOH) was filtered and washed with water to remove 

residuals, followed by dried in a vacuum oven. 

 

2.7. Immobilization of palladium nanoparticles (GHN-COOH@PdNPs) 

GHN-COOH@PdNPs nanohybrids were prepared by rapid and easy process. Initially, GHN- 

COOH was alkaline treated by sodium hydroxide solution (0.1M) to deprotonate the 

carboxylic acid functions. Subsequently, the product (GHN-COO-) was collected without 

washing and added to a PdCl2 solution of 10−2 M. The mixed solution was stirred for an 
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overnight at room temperature. To the resulting suspension 10 ml of NaBH4 solution 0.1 M 

was added drop wise and stirred for 1h. The obtaining product was filtered and washed 

several times with water then dried at 60 °C in a vacuum oven. 

 

2.8. Evaluation of catalytic activity of GHN-COOH@PdNPs 

The reduction study of alizarin (Alz), methylene blue (MB) and Eosin Y (Eo-Y) was carried 

out using GHN-COOH@PdNPs nanohybrids catalyst in the presence of aqueous NaBH4 as a 

reductant at room temperature. In a typical procedure, nanohybrids catalyst (1 mg) was 

dispersed in deionized H2O (1 mL). Then, 0.1 mM of dye solution (Alz or MB or Eo-Y) and 

NaBH4 (25 mM) were added. At once, the reaction mixture was placed under continuous 

stirring into the spectrophotometry to control the reduction progress. The absorption spectra 

were recorded in the range of 200–800 nm by automatic measuring of dye concentration at 

regular time intervals. For the evaluation of the catalytic performance of synthetized 

nanohybridss, reference tests were studied in the reduction of Alz, MB and Eo-Y. In the first 

hand, to identify the adsorption capacity of nanohybrids, the UV-vis spectra were recorded for 

the dye solutions without addition of NaBH4. On the other hand, the UV-vis spectra of the dye 

concentrations were recorded in the absence of nanohybrids in order to evaluate the 

contribution of NaBH4 in the total reduction reaction. The reusability experiments were 

achieved by reuse of the nanohybrids catalyst several times in the same reaction conditions. 

After completion of each reaction cycle, the GHN-COOH@PdNPs nanohybridss catalyst was 

separated out by centrifuge then washed with deionized water and dried at 80°C for the 

following runs. The reusability efficiency evaluation was achieved by comparison of the 

reaction kinetics of the different cycles. 

 

2.9. Characterization 

The graphitic structure of GHN sample was studied by alpha 300R confocal Raman 

microscope with a wavelength of 532 nm. The spectra were recorded using Vitec software.  

The microstructure and the elemental mapping of GHN were recorded by a SU8230 model 

scanning electron microscope (SEM, Hitachi) operated at 10 kV equipped with an Oxford 

energy dispersive X-ray spectrometer detector (EDS).    

Thermal characterization was performed on a Pyris Diamond TGA Perkin Elmer instrument 

by heating the samples from 25 °C to 800 °C at 10 °C.min–1 under pure N2 atmosphere. 

To characterize the synthesized nanohybrids, structural analyses were accomplished through 

X-ray diffraction measurements (XRD) and X-ray photoelectron spectroscopy (XPS) 
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technics. XRD analysis of the GHN-COOH@PdNPs hybrid catalyst was carried out on a 

Bruker D8 advance diffractometer. The XRD spectra of the powdered sample was recorded 

between a scan angles 10° and 90° using Cu Kα (λ = 1.54 Å) radiation.  

The XPS characterization was conducted for elucidating surface composition/elemental 

chemical states of the prepared nanohybrid materials. The spectra were recorded using 

Thermo Scientific K-Alpha spectrometer equipped with a monochromatic Al-Kα X-ray 

source (hν = 1486 eV, spot size = 400 µm, pass energy of surveys = 200 eV and of narrow 

regions = 50 eV), and magnetic lens enables analysis of small areas with increased sensitivity. 

The charge compensation was provided by a combination of an electron flood gun with an 

argon ion gun. The collected spectra were analysed by using Advantage software. C1s/O1s 

atomic ratios were calculated from the intensity of C1s and O1s peaks in survey spectra, 

multiplied by sensitivity factors (C1s = 1 and s O1s = 2.75).   

Morphology and chemical composition of GHN-COOH@PdNPs nanohybrids were 

investigated with SEM. The analyses were performed with a MERLIN microscope integrated 

with an energy Energy-dispersive X-ray spectroscopy (EDX) from Zeiss equipped with 

InLens and SE2 detectors using an accelerating tension 20 kV with a diaphragm aperture of 

30 μm. Prior to analyses, the samples were coated with sputtered layer of platinum using a 

Cressington 208 HR sputter-coater. 

UV-vis spectral analysis (Cary 60 spectrophotometer) was performed in the scanning range of 

200-800 nm to monitor the catalytic performance of GHN-COOH@PdNPs nanohybrids 

towards the conversion ratio of the dye molecules. 
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Scheme 3. Schematic representation of the steps for the preparation of supported palladium 

nanoparticles using graphene like nanomaterial synthesized by a green method via natural precursors.  
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3. Results and discussion 

3.1. Preparation and structural characterization of GHN 

The pyrolysis technique is recognized as a green and low-cost synthesis method, which has 

increased significantly its use in practical applications especially for the generation of 

carbonaceous materials from biomass (De Silva et al., 2017; Kong et al., 2020). Indeed, using 

this technique, graphene-like materials were successfully prepared on sand (Gupta et al., 

2012) and clays (Azizi et al., 2019; Ruiz-García et al., 2013),using sucrose as source of 

carbon (Das et al., 2017). Such graphene originated from natural resources has been shown to 

be promising in various applications such as adsorption of pollutants, energy storage, and 

reinforcing of polymers. Here, with the aim of using graphene-like nanomaterial (GHN) 

derived from sucrose through pyrolysis using bentonite clay as a template, to stabilize 

catalytic palladium nanoparticles, its required functionalization with chelating surface 

modifiers. Thus, GHN was first functionalized with (3-glycidyloxypropyl) trimethoxysilane 

(GPTMS) and in a second step with tris(4-hydroxyphenyl)methane triglycidyl ether (TGE). 

The as-obtained epoxy-rich GHN nanomaterial was then subjected to treatment with 

KMnO4/H2SO4 in order to convert the surface grafted epoxy groups to carboxylic acid used 

finally to in-situ generate PdNPs from palladium aqueous solution using NaBH4 as reducing 

agent. The experimental procedure is presented in detail in Scheme 3. 

The graphitic nature of the synthesized GHN is confirmed by the Raman analysis in Figure 

23a. An intense peak at around 1350 cm−1 (D band) corresponds to the sp3 carbon atoms of 

disordered graphene sheets and a second less intense peak near 1570 cm−1 (G band) is 

attributed to the in-plane vibration of sp2 carbon atoms. A smaller peak appears at higher 

frequency (∼2750 cm−1) and is also a sp2 Roman signature. Both G band and 2D band reflect 

the crystalline structure of graphitic carbon (Jorio et al., 2011). It is observed that the 

amorphous carbon reflected by the D band is prominent which means a high defect level. This 

is probably due to the formation of bonds with carbon atoms having sp3 hybridization and the 

functionalization of graphene (Hoepfner and Pezzin 2016). To evaluate the disorder of GHN, 

the ratio of the D to G peak intensities (ID/IG) is calculated (∼1.09) suggesting a partial 

amorphous nature of GHN resulting from the extensive oxidation (Ganguly et al., 2011; 

Stankovich et al., 2007; Zhuo et al., 2013). It was reported that during the oxidation reaction, 

disordered sp3-oxidized domains with various oxygen functional groups (such as epoxides, 

ketones, hydroxyls, carbonyls) could surround the sp2 graphitic domains (Hansora et al., 

2017).  
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The XPS survey and high-resolution of the C1s region of GHN are shown in Figure 23b 

andc. For the survey spectrum, the peaks centered at around 74.4, 102.7, 119.5, 152.8, 533.4, 

and 1072 eV are attributed to Al2p, Si2p, Al2s, Si2s, O1s, and Na1s clay constituting atoms, 

respectively. The spectrum also exhibits strong peak at 284.4 eV assigned to C1s, evidencing 

the presence of graphene sheets (a carbonaceous nanomaterial) on the surface of bentonite 

layers. 

The C1s spectrum of GHN is fitted with five peak components attributed to the sp2 graphite 

component (C=C) at 284.2 eV, the sp3 bonded carbon (C-C /C-H) at 285.6 eV, the epoxide 

group and alcohol groups (C-O-C/C-OH) at 286.7 eV, the carboxyl groups (HO-C=O) at 

288.5 eV and π–π* transition satellites at 290.5 eV; which is in full accordance with the 

Raman results.   

The microstructure and the elemental mapping of GHN are shown in Figure 23-d and clearly 

substantiate the formation of a graphene/clay composite material. The surface morphology of 

GHN shows the aggregated arrangement of graphene nanosheets and the clay layers. This 

result is in line with previous study (Narayanan et al., 2020). The elemental mapping indicates 

the presence and the good distribution of C, O, Na, Mg, Al, Si and Fe in the composite. Both 

carbon and oxygen are originated from graphene while other elements are originated from 

clay minerals with a predominant amount of Si (19.61 % of total mass) compared to the other 

elements of clay. The graphitic nature of GHN and the presence of exogenous groups are also 

confirmed by the high proportion of carbon, which represents 50.51 % of total mass, and 

oxygen (22.49 % of total mass). 

Thermal stability of nanomaterial (clay/graphene) is investigated and compared to each 

precursor (clay and sucrose) by TGA analysis. An important variation in weight loss is 

observed as shown in Figure 23-e. The bentonite curve presents 3 stages corresponding to the 

dehydration (under low temperature), the elimination of the water coordinated to the 

interlayer cations (at higher temperature) and the dehydroxylation (above 500 °C) (Donoso et 

al., 2010). The thermal profile of sucrose exhibits three phases corresponding to the 

evaporation of the surface adsorbed moisture (∼ 100 °C), the decomposition of –OH groups 

and liberation of CO, CO2 and H2 (from 209 °C to 340 °C) and the 100% weight loss (322-

558°C) (Eggleston et al., 2012). Thermal decomposition of clay/graphene composite 

has occurred in four stages: desorption of the interlayer water (< 150 °C), liberation of oxygen 

functional groups (150-400 °C) the oxidation of the carbon skeleton of graphene (400-700 

°C), and dehydroxylation of the structural O-H (700 to 800 °C) (Gong et al., 2014; Ouellet-

Plamondon et al., 2014). It is observed that the total mass loss of composite is 60 % which is 
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located between that of clay and sucrose. This suggests the existence of a strong attachment 

between these two components which is due to interaction between hydroxyl groups 

presenting in sucrose and the bentonite clay by hydrogen bonding.  

In addition, the above statements were supported bythe BET surface area measurements based 

on nitrogen adsorption. Indeed, the specific surface area of GHN (SBET= of 266.94 m2/g) was 

found to be three times higher than that of BT (87.42 m2/g). This can be explained by the 

nano-sandwich structure of GHN formed from graphene and bentonite layers.  
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Figure 23. (a) Raman spectrum, (b) XPS survey scan, and (c) XPS C1s high-resolution region, (d) 

SEM images of GHN, and TGA curves of (e1) bentonite, (e2) sucrose, and (e3) GHN. 
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3.2. Surface functionalization of GHN 

The surface modification of GHN plays a dual role as it facilitates the separation of the clay 

and graphene layers from each other’s preventing their aggregation and imparts appropriate 

functional groups to the GHN to enable stabilization and well-dispersion of metallic 

nanoparticles. These properties can easily be tuned by varying both the surface modifiers 

nature and their grafted density. In this work, two surface modifiers were used for 

functionalization of GHN. The GHN samples were functionalized by GPTMS and TGE 

separately and then the samples were post functionalized with the same epoxy-containing 

surface modifiers; TGE for GHN-GPTMS and GPTMS for GHN-TGE. To testify their 

grafting on the surface of clay and graphene layers of GHN, details information about the 

surface composition and the functional groups present on the different samples were obtained 

by XPS analysis.  

Figure 24 shows a comparison of the survey spectra of pristine and functionalized GHN. All 

spectra show the presence of both clay and graphene related elements the same as those 

detected in pristine GHN, confirming that the structure of GHN was preserved upon 

functionalization. In addition, both C1s (~284 eV) and O1s (~532 eV) peaks intensities in all 

functionalized GHN samples are much higher comparing to the C1s and O1s in pristine GHN, 

providing strong evidence for the grafting of molecule rich in carbon and oxygen on the 

surface of GHN; GPTMS (C9H20O5Si) and TGE (C15H19NO4). The detail of surface 

composition calculated from the survey spectra is given in the Figure24. The differences 

between the values of O1s/C1s atomic ratios of each functionalized GHN reveal that the 

degree of surface functionalization was varied as a function of surface modifier nature as well 

as their order of grafting when two epoxy-containing molecules were used. From these 

results, one can notice that the degree of functionalization varied in the following order: 

GHN-TGE < GHN-TGE < GHN-TGE-GPTMS < GHN-GPTMS-TGE. For better 

understanding of chemical changes occurred upon GPTMS and TGE grafting, C1s high-

resolution spectra depicted in Figures 25 b-e were investigated and as it can be seen evident 

differences are exhibited between spectra profiles. The deconvolution of the C1s spectrum of 

GHN-GPTMS is fitted with four peak components centered at 284.2, 285, 286.2, and 288.5 

eV attributed to Csp2, Csp3, C-O-C (ether/epoxy), and C-O-Si in agreement with the chemical 

structure of GPTMS at the surface of the GHN nanomaterial, respectively. For GHN treated 

with TGE, the C1s spectrum could be deconvoluted into four peaks centered at 284.2, 285, 

286,4 and 288 eV assigned to Csp2, Csp3, C-O-C (ether/epoxy), C=O (aldehyde), respectively.  

It is worthy to note that the C=O of aliphatic aldehyde component may be originated from the 
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isomerization of epoxy groups (Martinez-Rubi et al., 2011). All these results confirmed the 

presence of GPTMS and TGE on the surface of GHN samples. However, one can notice that 

the contribution of C-O-C component of GHN-GPTMS is larger that of GHN-TGE. This can 

probably be explained by the fact that the GPTMS silane coupling agent can bind to both 

edges and internal surface of clay and graphene layers while TGE can only be grafted onto 

graphene. 
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Figure24. Atomic fraction and values of O1s/C1s rations of pristine and all functionalized GHN 

samples. 

 

 

By comparing between C1s spectra of GHN-GPTMS-TGE with GHN-TGE-GPTMS, the 

degree of grafting is largely higher in the case where GHN was first treated with GPTMS then 

followed by TGE, indicating an enhanced C-O-C epoxy component at 286 eV in accordance 

with the higher O1s/C1S ratio of GHN-GPTMS-TGE than GHN-TGE-GPTMS (Figure24). 

This marked difference can be explained by the delamination of the graphene and the clay 

layers after grafting of GPTMS which facilitates the penetration of TGE molecules in 

between the layers and thus their grafting. In contrast, when TGE was used first, the grafting 

density is low as shown above, which results in poor dispersion of GHN and thus limiting the 

accessibility of GPTMS molecules to the internal surface of graphene and clay.   
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Figure 25. XPS survey and C1s high-resolution spectra of (a) GHN-GPTMS, (b) GHN-TGE, (c) 

GHN-GPTMS-TGE, (d) GHN-TGE-GPTMS, (e) GHN-COOH prepared by conversion of epoxy 

groups of GHN-GPTMS-TGE to carboxylic acid ones. 
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3.3. Palladium nanoparticles decorated GHN 

The functionalized GHN nanohybrid contains large density of carboxylic acid moieties at the 

surface, allowing palladium nanoparticles to growth and bind to the GHN layers since COOH 

functional group is an effective complexing agent for divalent cations, such as Pd2+ 

(Mahouche Chergui et al., 2010). 

SEM analysis is carried out to evaluate the distribution and dispersion state of palladium 

nanoparticles generated on the surface of the carboxylate-rich GHN nanohybrid. Figure 26a 

clearly shows that the surface of the layered nanohybrid material was fully covered with 

homogeneously and uniformly distributed PdNPs. Energy dispersive X-ray analysis (EDX) 

was used to identify the elemental composition of the nanohybrid. The EDX spectrum shown 

in Figure 26b revealed a signal of palladium centered at 2.85 eV with an estimated amount  

around 14 wt.%. The dense covering of the surface of GHN with PdNPs was indicative of the 

effectiveness of surface functionalization.  

To provide information about the nature of the palladium generated on the GHN-COOH 

nanohybrid, XPS was performed and the result is shown in Figure 26c. It can be obviously 

seen from the Pd 3d XPS high-resolution spectrum intense doublet peaks at 335.6 and 340.7 

eV binding energies assigned to 3d5/2 and 3d3/2 electronic state of zero valent palladium, 

respectively, confirming the successful formation of PdNPs on the surface of GHN. In 

addition to Pd (0), shoulders of the main peaks are also detected at higher binding energies 

values of 337 and 343 eV, characteristic of the Pd (II) ions, which can be explained by the 

oxidation of a small amount of PdNPs to form PdONPs. These results are close to those 

reported in the literature for supported palladium nanoparticles (Zeng et al., 2016).  

The XPS results were supported by XRD characterization, as shown in Figure 26d. The 

typical pattern of GHN@PdNPs presents different planes of this nanomaterial (Qiu et al., 

2019). While, the peaks at about 2ϴ = 39.95, 46.16, 68 and 81.5° are related to the (111), 

(200), (220) and (311) diffraction peaks for face-centered-cubic structure palladium crystals 

(Saikia et al., 2016), demonstrating that the palladium nanoparticles were successfully in-situ 

generated on the surface of GHN nanohybrid. It is noteworthy that the narrow and intense 

peak observed at 2ϴ = 26,5° corresponding to the diffraction from (002) plane, confirms that 

the highly ordered structure of GHN was preserved. 
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Figure 26. (a) SEM image, (b) EDS spectrum, (c) Pd 3d high-resolution XPS spectrum, (d) XRD 

pattern of GHN-COOH@PdNPs. 

 

 

3.4. Catalytic properties of GHN-COOH@PdNPs 

In order to evaluate the catalytic activity of the palladium nanoparticles-decorated hybrid 

nanomaterials, the reduction of dyes, namely Alz, MB and Eo-Y was chosen as a model 

reaction under the action of NaBH4 as reducing agent. Firstly, the adsorption properties of 

synthesized nanohybrid as well as the reduction capacity of NaBH4 in the absence of catalysts 

were checked and presented in Figure 27. For this, an amount of 1 mg of catalyst was 

dispersed in 1 mL of water and sonicated for 4 min before mixed with dye solutions. Thus, 

the adsorption of the dyes by the nanohybrids was studied without introducing of NaBH4 and 

the absorbance variation was monitored by time dependent UV-vis spectrophotometry. The 

experimental results show that no obvious decrease of the intensities of adsorption peaks of 

Alz, MB and Eo-Y was detected as well as no visible change on the initial dye solution colour 

was observed after 24h of contact time. The slight decrease of the characteristic adsorption 

peaks may be due to the adsorption effects by the complexation of dye molecules into the 

modified GHN structure (Bhawani et al., 2019; Fu et al., 2016).  
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Figure 27. (a, b, c) UV-vis absorption spectra of pure (blue) ALZ, MB, and Eo-Y, and (red) 24h after 

addition of GHN-COOH@PdNPs nanocatalyst without NaBH4, respectively. (b, d, f) UV-vis 

absorption spectra of pure (blue) ALZ, MB, and Eo-Y, and (green) 24h after addition of an excess 

NaBH4 without catalyst, respectively. Reaction conditions: [Dyes] = 0.1 mM, [NaBH4] = 25 mM, 

[GHN-COOH@PdNPs] = 0.25 g/L. 
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Furthermore, when the dye solutions were mixed with freshly prepared aqueous solution of 

NaBH4 in the absence of the Pd nanocatalyst, a partial reduction of the characteristic 

adsorption peak at 390 nm, 666 nm and 517 nm corresponding to Alz, MB and Eo-Y occurred 

respectively. These investigations showed that in the absence of PdNPs, very slow and slight 

decrease of the intensity of the characteristic peak of each dye was occurred even after a long 

time (24h).  

To investigate the catalytically activity of the GHN-COOH@PdNPs nanohybrid, a higher 

NaBH4 concentration of 25 mM was used as compared to that of dyes ([Alz] = [MB] = [Eo-

Y] = 0.1 mM). The catalytic reduction, at room temperature, of dye solutions was carried out 

by introducing 1 mg of nanohybrids catalyst in the “dyes/NaBH4” solution. 

The recorded UV-Vis spectra (Figures 28 a-c) showed a rapid decrease in the intensity of the 

maximum absorption band (λmax) at 390 nm, 666 nm and 517 nm of Alz, MB and Eo-Y dye 

solutions respectively. The catalytic conversion was found to be complete and rapid in the 

presence of PdNPs. Based on these results, we can conclude that the catalyst surface is the 

key condition which contributes to achieve a total conversion with a fast reaction rate. 

However, the reduction process was achieved by the electron’s transfer from the BH4
− anions 

with high nucleophilicity (as electron donor species) to the dyes (as electron acceptor species) 

through the catalyst surface (Li et al., 2015). At the first, functionalized GHN adsorbs the dye 

molecules through π-π interaction which increases their concentrations into the nanohybrids 

and bring closer the PdNPs surface to the dye molecules (Li et al., 2015; Nejad et al., 2019). 

Subsequently, the diffusion of both dyes and BH4
− anions to the surface of the metal was 

occurred. Then, the hydride source was  rapidly transferred from BH4
− anions to dyes 

mediated by the catalyst surface thereby allowing to reduce the activation energy and thus 

accelerate the reaction (Nejad et al., 2019). Finally, the reduced dyes products desorbed from 

the catalyst surface which provides a free surface where Alz, MB and Eo-Y adsorbs again to 

continue the folowing reaction (Nejad et al., 2019). Figure 28a-c depict the UV-Vis spectra 

for the reduction of Alz, MB and Eo-Y, respectively, by NaBH4 in the presence of GHN-

COOH@PdNPs nanocatalysts recorded every 30s to track the reaction progressing. It was 

found that the catalytic reduction the dyes happened immediately and the intensity of the 

characteristic UV–Vis absorption peaks of Alz (390 nm), MB (666 nm) and Eo-Y (517 nm) 

decrease within 210s, 240s and 420s respectively. Accordingly, a total decolorizing of dye 

solutions at the end of the reaction was observed. As shown in Figure 28d, a linear 

correlation between ln(A/A0) versus reaction time (in second) was established in the 

degradation reaction of the three dyes. This observation suggests that the degradation reaction 
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can be treated as a pseudo-first-order kinetics reaction. The reaction rate constants of Alz, MB 

and Eo-Y dyes reduction were calculated from the plot of ln(A/A0) versus time and were 

found to be k= 1.6 10−2 (s−1), k= 1.65 10−2 (s−1) and k= 0.9310−2 (s−1), respectively. 

These results proved that the NaBH4 alone is insufficient to reduce the dyes and this requires 

the presence of a catalyst to accelerate the kinetic reaction as it has been already demonstrated 

in other reduction reactions (Li et al., 2015; Nejad et al., 2019). Indeed, it is important to 

highlight the essential role of the palladium nanoparticles which act as mediator surface for 

electrons transfer from BH- donor species to the dyes acceptor molecules (Li et al., 2015; 

Ncube et al., 2015), which favored the kinetic and thermodynamic reduction of dyes. 

 

200 300 400 500 600 700
0

1

2

3

(a)

= 254nm

= 390nm

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

  t= 0s

  t= 30s

  t= 60s

  t= 90s

  t= 120s

  t= 150s

  t= 180s

  t= 210s

200 300 400 500 600 700
0,0

0,5

1,0

1,5
(b)

= 290nm

= 666nm
A

b
s

o
rb

a
n

c
e

Wavelength (nm)

  t=0s

  t=30s

  t=60s

  t=90s

  t=120s

  t=150s

  t=180s

  t=210s

  t=240s

 

300 400 500 600 700
0

1

2

3 (c)
= 517nm

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

 t = 0 s

 t = 60 s

 t = 120 s

 t = 180 s

 t = 240 s

 t = 300 s

 t = 360 s

 t = 420 s

0 60 120 180 240 300 360 420

-4

-3

-2

-1

0 (d)

K
app

= 1.6 10
-2
 s

-1

K
app

= 1.65 10
-2
 s

-1

K
app

= 0.93 10
-2
 s

-1

 Alz

 MB

 EoY

L
n

 (
A

/A
0
)

Time (s)  

Figure 28. Time-dependent of UV–Vis absorption spectra showing the gradual of the reduction of (a) 

Alz, (b) MB and (c) Eo-Y. (d) Plots of ln(A/A0) versus reaction time for pseudo-first-order reaction for 

the reduction of Alz, MB and Eo-Y at room temperature by using excess NaBH4 in the presence of 

GHN-COOH@PdNPs as catalysts. Reaction conditions: [Dyes] = 0.1 mM, [NaBH4] = 25 mM, [GHN-

COOH@PdNPs] = 0.25 g/L. 
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In order to evaluate the benefits of the synthesis method followed in our work, the catalytic 

performance of the PdNPs decorated carboxylate-rich graphene-like nanomaterial was 

compared to those reported in literature. 

As seen in the Table 4, the nanohybrids catalyst synthesized in our work exhibits an excellent 

catalytic efficiency compared to other reported Pd catalysts for the reduction of organic dyes. 

For best knowledge, this high catalytic activity could be attributable to three main reasons. 

 

Table 4. Comparison of literature results obtained with Pd PNs catalysts for the reduction of 

various dyes. 

Catalyst 
Dye 

molecule 

kapp 

(10−2 s−1) 

Time 

(min) 
Reference 

Pd75Au25/Dens-OH 

MO 

0.587 3.5 Ilunga et al., 2017 

GO/Pd nanocomposite  5 Omidvar et al., 2017 

Natrolite zeolite/Pd 

nanocomposite 
 5 Hatamifard et al., 2015 

Pd-PEI-RGO 

MB 

0.74 6 Li et al., 2015 

Pd-TNPs/RGO 

nanohybrid 
0.66 7 Fu et al., 2013 

PDA-RGO/Pd  0.4 13 Fu et al., 2016 

Pd NPs/Fe3O4-PEI-

RGO nanohybrids 

MO 

R6G 

RB 

- 10 Su et al., 2017b 

Si/Pd catalyst Eo-Y 0.11 20 Wang et al., 2009 

GO/Pd NCs 

GO/Ru-Pd NCs 

GO/Pd NCs 

GO/Ru-Pd NCs 

CV 
0.48 - 

Sivaranjan et al., 2017 
0.55 - 

MG 
0.47 - 

0.54 - 

GHN/Pd 

nanocomposite 

MB 1.65 4 

This work ALZ 1.6 3.5 

Eo-Y 0.93 7 
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Firstly, the homogeneous Pd NPs loading on the two-dimensional graphene oxide surface 

allows to a high surface area for complexing the dye molecules (Bhawani et al., 2019; Nejad 

et al., 2019). Secondly, the organic functionalization process of the graphene-like 

nanomaterial surface lead to a greater stabilizing of Pd NPs and inhibits the aggregation of the 

small-sized nanoparticles (Wu et al., 2013; Xu et al., 2008). Thirdly, the good dispersion of 

the nanohybrids catalysts in water provides a high efficient contact between the catalytic sites 

(Pd NPs) and the exposed dye molecules (Hemmati et al., 2018; Li et al., 2015). 

Furthermore, these three factors cause a very high reduction rate with respect to the 

previously reported ones. Interestingly, this work demonstrates a facile and efficient approach 

for preparing supported Pd nanocomposites as well as its great benefices in the catalytic 

reduction of hazardous dyes solutions. Finally, the synergistic effects between the Pd NPs and 

the silane modified graphene oxide structure makes of our nanohybrid catalyst a promising 

candidate for more wide catalysis applications (Navalon et al., 2016; Zhuo et al., 2013). 

 

3.5. GHN-COOH@PdNPs Catalyst regeneration 

Although GHN-COOH@PdNPs promoted a great catalytic efficiency, it is typically vital to 

assess the nanocatalyst stability as an influencing factor in the practical application. 

Therefore, recyclability of GHN-COOH@PdNPs in the catalytic reduction of MB (10−4M) in 

presence of NaBH4 was investigated for 8 consecutive cycles. At the end of each reduction 

cycle, the nanohybrid catalyst was readily separated from the reaction mixture by 

centrifugation, washed with water and ethanol, dried under vacuum, and then reused in the 

same reaction conditions for the next catalysis cycle. By comparing the degradation rates of 

eight reduction cycles, it is found that not considerably change in the reduction activity and 

the catalyst exhibited a similar catalytic efficiency, as shown in Figure 29. Therefore, the 

high catalytic performance, the great stability and the easy recycling make the GHN-

COOH@PdNPs catalyst a promising nanohybrid material for environmental remediation. 
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Figure 29. Reusability of GHN- GHN-COOH@PdNPs catalyst for the reduction of MB with NaBH4 

for eight cycles. 

 

 

4. Conclusion 

In summary, a dual surface functionalization of graphene-like nanomaterial (GHN) prepared 

from natural precursors was reported for the first time. GHN with a large specific surface area 

(SBET= of 266.94 m2/g) were generated from sucrose through pyrolysis green process. 

Subsequent functionalization of GHN by two different epoxy-containing molecules, namely 

GPTMS and TEG, followed by ring opening of the epoxy reactive groups via an oxidation 

reaction by H2SO4/KnO4, allowed for the introduction of a high density of carboxylic acid 

functions onto the GHN surface. The as-designed GHN-COOH nanohybrid was first 

deprotonated using NaOH solution and then used as support for complexation of Pd2+ ions to 

finally in-situ reduce them to palladium nanocrystals using NaBH4 as a mild reducing agent. 

The GHN-COOH@PdNPs nanohybrid exhibits excellent catalytic performance in the 

reduction of dyes in aqueous solution and can be recycled for 8 consecutivecycles while 

retaining its catalytic activity. This is as a result of the high stabilization of the Pd NPs on the 

GHN-COOH platform induced by the strong interaction between the Pd NPs and the grafted 

carboxylic acid groups. Due to the well-known versatility of epoxy groups, the sustainable 

strategy proposed here can straightforwardly be used to prepare various other heterogeneous 

catalysts by incorporating desired chelatant moieties onto epoxy decorated GHN and hence 

use them as selective supports for high variety of catalytic metal nanoparticles.  
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Tubular ultrafiltration ceramic membrane based on titania nanoparticles immobilized 

on macroporous clay-alumina support: Elaboration, characterization and application to 

dye removal 

 

1. Introduction 

Membrane separation technology has become increasingly appealing to address various 

scientific and technological issues associated to pollutions treatment. The wide variety of 

ceramic membranes meant for water treatment makes this technology very promising for both 

purification of drinking water and treatment of industrial wastewater containing emerging 

organic and inorganic pollutants. The success of ceramic membranes can be rationalized by 

their intrinsic properties, notably in terms of thermal and chemical stability and high 

mechanical strength (Gestel et al., 2002; Gestel et al., 2006; Lenza et al., 2000; Romanos et 

al., 2001). It is well known that beside the chemical nature of membrane, its topology as well 

as its elaboration process influence strongly the membrane durability and resistance to harsh 

application conditions such as acidic and alkali media. Commercialized ceramic membranes 

are mainly manufactured from MOs such as alumina, silica, zirconia and titania (Gestel et al., 

2006; Lenza et al., 2000; Romanos et al., 2001; Chowdhury et al., 2003). Since the pioneering 

research in ceramic membranes technology, α-alumina has been mostly used as raw materials 

in varied fabrication processes (Defriend et al., 2003). 

Undoubtedly, the synergy between ceramic materials’ precursors and advanced manufacture 

processes has led to considerable progresses providing new generations of high-performance 

IMs combining well-defined morphological properties (such as porosity), physicochemical 

stability (pH), mechanical strength and high flow resistance (pressure), separation efficiency 

and selectivity (Gestel et al., 2002; Lenza et al., 2000; Romanos et al., 2001; Defriend et al., 

2003; Chang et al., 2014). These new generations of low cost ceramic membranes based on 

raw materials such as clay, starch, chamotte, apatite, and sand have been widely developed 

and studied on laboratory scale units working both in the microfiltration (MF) and 

ultrafiltration (UF) domains (Lorente-Ayza et al., 2015; Lorente-Ayza et al., 2016; Ha et al., 

2015; Zhu et al., 2016; Nandi et al., 2008; Hedfi et al., 2014; Hedfi et al., 2016; Issaoui et al., 

2016; Khemakhem et al., 2011; Saffaj et al., 2006; Sahoo et al., 2016). The UF process allows 

the removal of high molecular weight substances such as dyes (Khemakhem et al., 2011; 

Saffaj et al., 2006; Sahoo et al., 2016; Alventosa-deLara et al., 2012) and can be easily 

integrated to biological WWT (Alventosa-deLara et al., 2012; Chamam et al., 2007). Among 

the plethora of inorganic precursors, kaolin clay has been intensively considered as pore 
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forming agent raw material for the cost-effective design of stable IMs exhibiting a broad 

range of filtration processes (Nandi et al., 2008; Hedfi et al., 2014; Hedfi et al., 2016; Issaoui 

et al., 2016). 

In this context, this study is intended to elaborate tubular-shape porous membranes using 

extrusion method followed by sintering process using a mixture of natural kaolin clay and 

alumina powders as ceramic materials. The so-designed tubular ceramic tube served as solid 

support for the preparation of defect-free UF layer via slip-casting, using TiO2 nanoparticles 

suspension. The rational for using titania nanoparticles arises from their unique characteristics 

among which one may cite anti-fouling character, chemical stability (Gestel et al., 2002; 

Bhave 1991; Song et al., 2016), suitability for separation and antimicrobial efficiency (Saffaj 

et al., 2005), together with high photocatalytic activity (Goei et al., 2014; Alem et al., 2009; 

Wang et al., 2007; Leong et al., 2014; Das et al., 2014; Sarkar et al., 2015a; Sarkar et al., 

2015b). It is assumed that incorporation of titania-based active layer into porous ceramic 

membranes (PCMs) may lead to improved separation performances in the different fields of 

membrane separation processes including microfiltration (MF), ultrafiltration (UF) and 

nanofiltration (NF) (Song et al., 2016; Goei et al., 2014; Alem et al., 2009; Wang et al., 2007; 

Puhlfürß et al., 2000; Cai et al., 2015). With the final aim to meet the legal requirements for 

the discharge of wastewater, the ceramic titania-based UF single channel ceramic membrane 

was used for the removal of hazardous alizarin red, a popular indocile dye widely found in 

textile wastewater (Polubesova et al., 2004; Sadegh et al., 2015; De Souza et al., 2013), from 

alizarin red spiked aqueous solutions. As such, this paper assesses both the synthesis and 

characterization aspects of the hybrid membrane and discusses its separation efficiency 

notably in terms of permeate flux and dye retention. Finally, the impact of operating 

parameters, namely transmembrane pressure (TMP), pH and dye initial concentration on the 

permeate flux and dye rejection rate is determined. 

 

2. Experimental 

2.1. Materials 

The raw starting materials used for preparing the tubular porous membrane support are clay 

and alumina. The kaolin clay powder of Rajmahal grade was first grinded with a ceramic 

mortar and then sieved to provide a granulometry of about 100 µm. α-Alumina powder (99%) 

with a mean particle size of 7 µm was a kind gift from Hindalco company, India. Cellulose 

ether (methocel), polyvinyl alcohol (PVA, MW-13000–23000 g mol–1) and anionic 

polyelectronic 
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Dolapix (CE64) used as organic binder, plastisizer and dispersant agent, respectively, were 

purchased from Dow Chemical company. Titanium dioxide nanoparticles (TiO2, 98%) with a 

mean particle size of 10 nm were purchased from Advanced Technology Materials, India. 

Alizarin red dye was used as a model textile dye to prepare spiked aqueous solutions and was 

purchased from Sigma-Aldrich. 

 

2.2. Characterization and instruments 

The mechanical strength of the sintered ceramic supports was measured by a three-point 

bending flexural test using an UTM Instron 5500R (Software: Blue Hill, Universal Testing 

Machine of 10 tonnes capacity) to evaluate the effect of the clay-alumina composition and 

Methocel amount on the mechanical properties of the resulting membranes. The 

measurements were performed on sintered rectangular bars of 10 mm breadth, 5 mm height 

and 50 mm length using a span of 40 mm and a crosshead speed of 1.0 mm/min. 

Thermogravimetric (TGA) and differential (DTA) thermal analyses of the clay-alumina pastes 

were performed using a Netzsch STA 449 C apparatus (Germany) in a temperature range 

between 0 and 1500 °C at a heating rate of 10 °C/min under air atmosphere in order to 

determine the temperature–time schedule 

to be used for preparing the ceramic supports. Pore size of the tubular support was evaluated 

by means of mercury intrusion porosimetry (Micromeritics AutoPore IV 9500).  
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Figure 30. (a) Schematic representation of the homemade cross flow UF membrane set up. (b) Firing 

schedule applied for the preparation of the porous tubular ceramic supports. (c) Photograph of 

extruded porous tubular ceramic supports sintered at a temperature of 1350 °C for 90 min. 

 

 

Field Emission Scanning Electron Microscopy (FESEM) coupled with Energy Dispersive X-

ray (EDX) analysis was used to investigate the microstructure and analyze the surface 

morphology of both native clay-alumina support and corresponding UF membrane obtained 

after coating with a TiO2 layer. The thickness of the TiO2 layer was also determined from 

SEM images. To determine the transfer properties of native and TiO2 coated supports, pure 

water flux and filtration tests were conducted using a home-made setup as schematically 

depicted in Figure 30. 

 

2.3. Preparation of tubular clay-alumina supports 

Ceramic precursor pastes were prepared through blending different amounts of dry kaolinite 

clay, alumina and Methocel powders as presented in Table 5 (Sarkar et al., 2012). 

Manufacturing of porous tubular ceramic supports was achieved via an extrusion process 

using a single screw type extruder (Brabender, Germany) (Figure 30) (Ray et al.,2015). After 

drying at room temperature, and sintering under a multi-step thermal treatment program for 

which the final temperature was set at Tf = 1350 °C as shown in Figure 30b, several tubular 

macroporous membrane supports with an ID = 7 mm and an OD = 10 mm were obtained 

(Figure 30c). Support with 25% clay and 75% alumina and 6 g of methocel, referred to as 



172 
 

C25A75M6 hereafter, has been selected for the continuation of this work due to the formation 

of the high aspect mullite phase even at low temperature (1150 °C) which ensure high 

mechanical resistance and better thermal and chemical stability (Zhu et al., 2016). 

 

2.4. Design of TiO2-based tubular ceramic UF membrane 

The active titania UF separation layer was prepared through slip casting process involving the 

deposition of the casting slurry on the support for an optimal contact time of 10 min. The 

slurry was prepared by dispersing, under magnetic stirring, 4 g of titania powder in an 

aqueous solution containing well dispersed PVA (12 wt.%) and a low amount of Dolapix 

CE64 dispersant (0.2 wt.%). The latter improved the stability of the dispersion while the 

former acted as a binder and enhanced the viscosity of the solution to ensure homogenous 

casting of the titania nanoparticles on the inner surface of the tubular support membrane. The 

deposition of TiO2 layer was ensured by mean of capillary suction inside the tubular support. 

Afterwards, the coated support was dried at ambient temperature for 24 h, followed by a 

calcination step at 800 °C for 3 h. It is important to note that in order to obtain cracks-free 

membrane, very low heating rate (3 °C/min) was used. 
 

Table 5.Composition of the ceramic supports and mixing conditions. 

Sample 

name 

Composition dry 

mineral basis (wt.%) 

Organic 

binder (g) 

Liquid 

Phase (g) 
Dry Mixing 

time (min) 

Wet Mixing 

time (min) 
Kaolin     Alumina     Methocel Water 

C25A75M4 

C25A75M6 

C25A75M10 

      25           75               

      25           75            

      25           75           

   4 

   6 

   10 

 31 

 30 

 28 

   15 

   15 

   15 

     30 

     30 

     45 

C50A50M4 

C50A50M6 

C50A50M10 

      50           50               

      50           50                

      50           50 

   4 

   6 

   10 

 26 

 30 

 30 

   15 

   15 

   15 

     30 

     30 

     45 
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2.5. Cross flow ultrafiltration (UF) 

The so-designed TiO2 coated tubular porous ceramic membrane was applied to the 

decolorization of alizarin dye-containing solution by ultrafiltration. Major characteristics and 

chemical formula of alizarin dye are summarized in Table 6. 

 

Table 6. Alizarin red dye characteristics. 

Characteristic Alizarin Red 

Molecular formula C14H8O4 

Chemical name 1,2-Dihydroxy-9,10-anthraquinone 

Molecular weight 240.21 g.mol-1 

λmax (pH = 9) 260, 327 and 521 nm 

pka 6.77 

Class Anthraquinone 

Chemical structure 

 

 

 

Cross-filtration membrane tests were conducted using a homemade lab-scale unit. The 

filtration system is equipped with an adjustable outflow pump, a feed tank of 10 L capacity, 

and a stainless steel (316 L) module hosting a single channel membrane (length of 300 mm, 

outer diameter of 10 mm and inner diameter of 7 mm). The effective membrane area was 

65.94 cm2 and the TMP was varied in the range between 1 and 8 bar. The permeate flux value 

through the membrane was measured as a function of time at different transmembrane 

pressures. Prior to permeability measurements, the membrane was conditioned by immersion 

in pure deionized water for at least 24 h. Dye solutions were prepared by dissolving alizarin 

red in deionized water and the pH was adjusted to 9 by adding NaOH solution (1 M). All 

filtration tests were performed in triplicate and results are presented hereafter for the third 

filtration cycle. 
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3. Results and discussion 

3.1. Design and characterization of macroporous tubular ceramic membranes 

Morphological properties, chemical and mechanical stability are some of the key features to 

be finely controlled to design membrane materials with outstanding properties. To this aim, 

various ceramic-like precursor pastes were prepared based on different compositions of dry 

powders as summarized in Table 5. Alumina versus kaolin ratio as well as amount of both 

aqueous phase and organic binder, namely methocel, was primarily investigated together with 

the wet mixing time (varied between 30 and 45 min) while the dry mixing time was kept 

constant at 15 min. Porous tubular ceramic supports were manufactured through an extrusion 

process using a single screw-type extruder and a thermal treatment involving two temperature 

steps (noted dwell in Figure 30b) at 350 and 1350 °C. Temperature rates of 3 °C/min and 5 

°C/min were applied for heating up the samples from RT and 350 °C, respectively. 

 

3.1.1. Mechanical strength 

To control the resistance of the tubular support sintered at a temperature of 1350 °C, 

mechanical resistance tests were performed on bar samples using the three-point bending 

flexural test. Effect of both the mass content of methocel and clay-alumina composition in the 

plastic paste membrane precursor on the mechanical properties of the membrane supports was 

investigated. It was observed for clay/alumina 50/50 tubular supports that the mechanical 

strength was improved from 32 to 40 MPa when the methocel binder content was increased 

from 4 to 6 g (Figure 31a). Incorporation of more than 6 g of binder to the ceramic mixture 

was detrimental to mechanical strength of the resulting clay alumina supports. This may be 

due to a considerable increase in the porosity of the support. This finding suggests that 6 g of 

binder are optimal for ensuring good adhesion and uniformity of the ceramic structure 

associated with optimal rheological properties. 

Clearly, an increase in the flexural strength of the ceramic tubular supports was observed for 

the initial paste mixture containing 25 wt.% of clay while the binder amount was kept 

constant and equal to 6 g (Figure 31b). The increase in mechanical resistance as observed 

from about 12 MPa for pure alumina, to about 57 MPa for the composition 25 wt.% clay and 

75 wt.% alumina may be explained by the formation of the mullite and cristobalite cristalline 

structures previously identified by TGA-DTA for sintered supports. 
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Figure 31. Effect of (a) methocel and (b) clay contents on the mechanical strength of the porous 

tubular ceramic supports sintered at a temperature of 1350 °C for 90 min. In (a) the clay/alumina ratio 

is 50/50 while in (b) the methocel content was kept constant at 6 g. 

 

 

3.1.2. Thermal analysis 

Both DTA and TGA thermograms were exploited to evaluate the sintering-mediated reaction 

between kaolin and alumina (Figure 32). The TGA curve for C25A75M6 support, selected in 

this work as support for the preparation of UF membrane, indicates weight loss of about 3 

wt.% at low temperature (<100 °C). That is attributed to the evaporation of the intercalated or 

adsorbed water in the powder samples. The small weight loss of 4 wt.% seen in the TGA 

curve between 200 and 400 °C can be attributed to the removal of structural water from the 

ceramic materials. This is confirmed by the corresponding DTA peak at about 330 °C. The 

temperature range between 450 °C and 550 °C is associated to the second endothermic 

reaction. Regarding the TGA thermogram, such thermodynamic change corresponds to a 

sample mass loss of about 12 wt. %. This process arises from the burning out of the organic 

additives from the paste and the dehydration (structured water) of kaolin according to the 

reaction given in Eq. (1). 

Al2Si2O5(OH)4 → Al2O3 . SiO2 + 2H2O↑                                 (1) 

Accordingly, the structural hydroxyls are eliminated leading to the transformation of kaolin to 

a new metakaolin amorphous phase (Sahnoune et al.,  2008; Ghorbel et al., 2008; Lecomte et 

al., 2007). In the high temperature regime, structural reorganization processes of the ceramic 

materials occur as suggested by the presence of a succession of exothermic phenomena 

located between 950 °C and 1300 °C. The complex nature of these reorganization phenomena 
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is still the subject of many studies (Sahnoune et al., 2008a; Roy et al., 1955; Castelein et al., 

2001; Lee et al., 2008). Identification of the involved mechanisms and determination of the 

chemical composition of the eventually resulting crystalline phases are often difficult and still 

uncertain, especially because the thermogravimetry curve does not show weight change of the 

ceramic material. Roy et al. (1955) and Sahnoune et al. (2008b) showed that the exothermic 

peak located at about 1000 °C is due to the structural reorganization of metastable metakaolin 

leading to the formation of gamma-alumina (γ-Al2O3) with spinel structure (Al-Si) according 

to the following chemical reaction: 

2(Al2O3 . 2SiO2) → Al2O3 . 3SiO2 + SiO2                                (2) 

The γ-alumina transitional phase could be at the origin of mullite formation (Eq. (3)), which 

starts at about 1150 °C to give firstly the primary, then secondary mullites followed by the 

cristobalite phase formation (Castelein et al., 2001; Bergaya et al., 1996; Chen et al., 2005; 

Chen et al., 2001) according to:  

3(2Al2O3 . 3SiO2) → 2(3Al2O3 . 2SiO2) + 5SiO2                     (3)                                                               

 

Figure 32. TGA and DTA plots recorded for the porous tubular ceramic support C25A75M6 prepared 

from the composition clay/alumina/methocel 25/75/6 and sintered at a temperature of 1350 °C for 90 

min. 

 

 

3.1.3. Porosity and pore size distribution 

The pore size distribution curves of the sintered C25A75M6 support is illustrated in Figure 

33. It can be observed a well-defined peak showing an average pores diameter ranging from 

0.20 to 7 mm, and centered at 0.75 mm. This reveals a monomodal and uniform pore size 
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distribution which evidences the success of the extrusion process and the absence of cracks 

throughout thesupport. 

 

Figure 33. Pore size distribution measured for the porous tubular ceramic support C25A75M6 

prepared from the composition clay/alumina/methocel 25/75/6 and sintered at a temperature of 1350 

°C for 90 min. 

 

 

3.1.4. Morphology 

Figure 34 shows the FESEM images of the inner surface of the ceramic membrane 

C25A75M6 sintered at 1350 °C. The support microstructure indicates a high densification and 

homogeneous surface. The absence of cracks and the uniformity of the surface of the support 

shown both by SEM and mercury intrusion porosimetry are considered as key features for 

enhanced retention of the titania nanoparticles, allowing the deposition of continuous and 

dense coating layer. 

 

 

Figure 34. Field emission scanning electron microscopy images of (a) top surface and (b) cross 

section of the porous tubular ceramic support C25A75M6 prepared from the composition 

clay/alumina/methocel 25/75/6 and sintered at a temperature of 1350 °C for 90 min. 



178 
 

3.2. Characterization of TiO2-coated C25A75M6 ultrafiltration membrane 

3.2.1. Morphology 

The titania thin layer as elaborated after calcination at 800 °C for 3 h was analyzed and 

imaged by FESEM. The microstructure observations of the surface and the cross-section are 

shown in Figure 35. Figure 35a shows that smooth and homogeneous inner surface was 

obtained with a mean pore diameter of about 50 nm. According to the cross-section image of 

the membrane, asymmetric structure was observed with TiO2 nanoparticles tightly packed and 

well attached to the internal surface of the tubular support. This active filtration layer exhibits 

an approximate thickness of 4.2 mm (Figure 35b). 

 

 

Figure 35. Field emission scanning electron microscopy images of (a) top-surface and (b) cross-

section of ceramic membrane support C25A75M6 prepared from the composition 

clay/alumina/methocel 25/75/6 and coated with a TiO2 layer. The inset in part (a) shows a magnified 

image of the TiO2-based membrane’s surface. 

 

3.2.2. Water permeability and permeate flux 

In order to assess the effect of the deposed titania layer, comparison between water 

permeability of the pristine tubular support and the UF membrane has been accomplished 

using pure water. Before starting the measurements, membrane samples were immersed in 

deionized water for 24 h. As shown in Figure 36, the water permeate flux increases linearly 

with the applied transmembrane pressure (TMP). The permeability of the membrane is 

remarkably decreased from 850 L.h–1.m–2.bar–1 for the native support to 117 L.h–1.m–2.bar–1 

for the TiO2 coated membrane. The permeability value determined for the TiO2-coated 

membrane is typical for UF membrane. This result indicates that the TiO2 layer is responsible 

for the permeability decrease that can be explained by the lower pore size of UF titania active 
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layer deposited on the C25A75M6 support providing further evidence of its robust embedding 

in the membrane support. 
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Figure 36. Variation of the water permeability as a function of the transmembrane pressure for the 

ceramic membrane support C25A75M6 (square) before and (circle) after coating with TiO2 layer. 

 

 

In addition, the effect of the TMP on the permeate flux (Jf) has been evaluated at room 

temperature and at pH 9 for three initial dye concentrations (150, 200 and 300 ppm). Similar 

timedependences of the permeate flux (Jf) were observed for TMP values ranging from 1 bar 

to 8 bar (Figure 37). Indeed, the permeate flux decreases continuously during the first 20 min 

of treatment then becomes quasi-constant. The higher stabilized flux of 140 L.h–1.m–2 is 

obtained at the higher applied TMP of 8 bar. The stabilized flux decreases with decrease in 

the TMP becoming equal to 70 L.h–1.m–2.bar–1 for a TMP of 1 bar. This initial behavior 

showing a decline of the permeate flux is typical of UF membrane process and can be 

explained by the membrane fouling due to the interaction between the spiked solution and the 

membrane surface (Ellouze et al., 2011). 
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Figure 37. Time-dependences of the flux of alizarin red solutions at different transmembrane 

pressures for the ceramic membrane support C25A75M6 coated with a TiO2 layer. UF conditions: 

[ALZ] = 150 ppm and pH = 9. 

 

 

3.3. Application of TiO2-coated C25A75M6 ultrafiltration membrane to 

decolorization of alizarin dye aqueous solution 

In this work, the TiO2-coated C25A75M6 membrane has been applied to color removal from 

aqueous solutions using alizarin red (ALZ-Red) as a model of textile dye. Efficiency of the 

decolorization expressed by retention percentage has been studied as a function of the initial 

dye concentration (150 ppm, 200 ppm and 300 ppm), pH of the dye solutions (2–12) and the 

TMP (1–8 bar). The retention percentage, denominated R (%), was obtained using the 

following equation:  R(%) = 100 (1 – Cp/C0) 

where Cp (ppm) is the permeate dye concentration and C0 (ppm) the initial dye concentration. 

 

3.3.1. Effect of pH of the feed dye solution 

Efficiency of ALZ-Red removal was assessed at pH values varying from 2 to 12 for a feed 

concentration of 150 ppm and a separation time of 100 min (Figure 38). It is worthy to note 

that the results shown in Figure37–39 were obtained after the third repeated test of filtration. 

Purification and regeneration of the membranes were performed between each filtration cycle 

using, first, distilled water for 15 min, sodium hydroxide solution (2 wt.%) at 80 °C for 20 

min, nitric acid solution (2 wt.%) at 60 °C for 20 min, and finally water rinsing until reaching 

neutral pH. No significant decrease in filtration efficiency was observed in these conditions. It 

is clearly seen that efficiency of the UF process of alizarin depends strongly on the pH of the 

feed solution. Indeed, in an alkaline medium, the elimination is much more efficient than in 
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an acid one, and it is almost total (R > 98%) at pH 9. In contrast, in acidic medium the 

disappearance of alizarin was about twice as low. The change is observed in a rather narrow 

pH range, between 6 and 8, in correspondence to both pKa (6.77) value and isoelectric point 

(~6) of alizarin and titanium dioxide, respectively. Although comprehensive discussion of the 

mechanism of dye removal requires further investigations, it may be assumed that efficiency 

of the UF process results from a delicate balance of filtration process and interaction between 

the membrane and the alizarin solution. Such interactions are pH-dependent and controlled by 

the zeta potential and charge state of the TiO2 top layer and alizarin, respectively. At low pH 

(<6) titania layer may be in a protonated form that is detrimental to the separation efficiency. 

According to these results, pH of 9 was considered as optimum pH for the alizarin dye 

elimination by TiO2 membrane and it was retained for the following study. Moreover, 

wastewater from the textile processing industry is often characterized by high pH (Tahri et al., 

2012) and, in the case of ALZ-Red, solubility was improved in alkaline medium. 
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Figure 38. Variation of the color rejection rate (R, expressed in %) of Alizarin Red as a function of 

the pH of the dye solution as measured for the ceramic membrane support C25A75M6 coated with a 

TiO2 layer. UF conditions: [ALZ] = 150 ppm, TMP = 5 bar and t = 100 min. 

 

 

3.3.2. Effect of the concentration of the feed dye solution 

This study was carried out in order to evaluate decolorization efficiency over time of the TiO2-

coated C25A75M6 membrane towards ALZ-Red solutions with different dye concentrations. 

The Figure 39 shows two different regimes. Initially (time <20 min), the decolorization rate 

assumes a steep increase and the increase is steeper for low concentrations. Then, for longer 

time, the color rejection levels off and a plateau regime is reached faster for the lower 
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concentration, after about 60 min for 150 ppm to be compared to more than 120 min for 300 

ppm. Nearly total decolorization is achieved faster for lower dye concentration. Indeed, in the 

course of the filtration process, dye molecules may adsorb onto the membrane surface driving 

to the formation of a cake layer. This effect is more pronounced for high dye concentration. 

As previously reported, accumulation of dye molecules may lead to clogging of the pores of 

the membrane leading to a compaction of the cake layer accompanied with a polarization 

phenomenon (Van der Bruggen et al., 2005). These combined effects often resulting in a 

decline of the permeate flux. 
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Figure 39. Time-dependences of the color rejection rate (R, expressed in %) for various initial 

concentrations of Alizarin Red as measured for the ceramic membrane support C25A75M6 coated 

with a TiO2 layer. UF conditions: TMP = 5 bar and pH = 9. 

 

 

3.3.3. Effect of transmembrane pressure 

As it can be observed in Figure 40, the color retention, as evaluated at a concentration of 150 

ppm, was strongly dependent on the applied TMP. Low TMP (1 and 3 bars) provided limited 

decolorization efficiency. The highest color rejection rate of about 99% was observed from a 

TMP of 5 bar. It is important to note that the treated water became visually very clear after 

treatment at 5 or 8 bars (inset in Figure 40). The very high permeate quality confirms the 

performances of the asymmetric UF titania membrane towards color removal from dye 

polluted water. The color rejection of dye observed is assumed to arise from a dual 

functionality of the titania layer, namely adsorption and filtration (Xiang et al., 2013; Zhang 

et al., 2012). 
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Figure 40. Variation of the color rejection rate of alizarin red dye from spiked water solution (150 

ppm) as a function of the transmembrane pressure. The insets showing images of the feed dye solution 

(left) and the permeate solution (right) as obtained after ultrafiltration process during 100 min at 5 bar 

evidence the effectiveness of dye removal. 

 

 

4. Conclusion 

In this study, a novel ultrafiltration clay-alumina membrane coated with a titania layer was 

successfully elaborated via a combination of extrusion, sintering and slip casting methods. 

FESEM, EDX, TGA, DTA and mechanical tests were applied to investigate the effects of the 

content of clay, alumina and methocel binder on physical and mechanical properties of the 

supports. Optimal thermal stability and mechanical properties were obtained for the 

membrane prepared from a composition made of 25 wt.% kaolin clay, 75 wt.% alumina and 

6% of methocel. The ultrafiltration layer, based on titanium oxide nano-powder deposited 

onto the surface of the clay-alumina membrane support (C25A75M6) has a thickness of 4.2 

mm and a mean pore size of 50 nm. The asdesigned UF membrane exhibited a water 

permeability of 117 L.m–2.h–1.bar–1, indicating that the titania layer is responsible for the 

decrease in permeability which was calculated to be 850 L.m–2.h–1.bar–1 for the clay-alumina 

support with pristine surface. Finally, the ultrafiltration membrane was applied to the 

decolorization of dye containing aqueous solutions. Under optimal operating conditions, i.e., 

transmembrane pressure of 5 bars, pH = 9 and dye concentration of 150 ppm, the TiO2-coated 

membrane exhibited significant decolorization efficiency towards alizarin red dye as color 

removal of 99% was achieved. Hence, the newly designed titania-based membrane may open 

new avenues for the treatment of raw textile wastewater. 
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Introduction 

Since their disclosure, membranes separation and heterogeneous catalysis have been widely 

investigated as efficient approach for water purification and wastewater remediation (Ahmad 

et al. 2006; Aloulou et al., 2018; Jlassi et al., 2013). However, very few scientific reviews 

have examined the literature on combination of membrane filtration and catalysis into single 

hybrid system. Nowadays, catalytic membrane reactor (CtMR) present an innovative 

methodology for water and wastewater treatment, including removal of suspended particles, 

inorganic ions and organic pollutants (Jiang al., 2013; Liu et al., 2020; Xu et al., 2019; Zhang 

et al., 2018; Zhong et al., 2011). CtMR constitutes an association, in which membrane and 

catalyst interact, in a single system, for both catalytic reaction through catalytically active 

nanomaterials and a physical separation by permselective membranes (Jiang al., 2013). The 

coupling system allows the implementation of a continuous process with simultaneous 

separation and catalytic reduction of organic pollutants, recovery of free powder catalysts 

from the reaction mixture and makes it possible to limit membrane fouling (Chen al., 2015; 

Jiang al., 2013; Liu et al., 2017; Zhong et al., 2011). 

Until now, ceramic membrane is one of the most popular membrane used in a membrane 

reactor due to their mechanical, thermal and chemical stability. Moreover, ultrafiltration (UF) 

constitute the most appropriate process for effluent and wastewater treatment. Dittmeyer and 

Caro (2008) and Liu et al. (2017) have developed various ceramic UF membrane (α-Al2O3: 60 

nm, 100 nm and 200 nm; ZrO2: 65 nm; TiO2: 5 nm and γ-Al2O3: 5 nm) for the efficient 

removal of nitrated pollutants from water in presence of supported monometallic Pd and 

bimetallic Pd-Cu and Pd-Sn catalysts.In other research works, Zhong and colleagues were 

successfully employed asymmetric tubular UF ZrO2/Al2O3 membrane to recover nano-sized 

nickel catalysts from the reaction slurry after 4-nitrophenol reduction (Zhong et al., 2011). 

Furthermore, widely range of materials including polymers, graphene, clay and others can be 

used as rigid substrates of different shape and composition for the fabrication of 

nanostructured catalytic materials. Monolithic composites and ternary nanocomposites 

through are considered as the most suitable catalyst supports for the fabrication of 

nanostructured hybrid catalytic materials interfacial polymerization incorporating Nanoscale 

zero-valentmetallic NPs (Jlassi et al., 2013; Khalil et al., 2015; Mahouche-Chergui et al., 

2013). Nanostructuration by using layer-by-layer coating methods for fabricating improved 

separation layer have been also reviewed to control selectivity and permeation flux of the 

ceramic membrane (Aloulou et al., 2018). 
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The scope of the present work is the development of novel membrane reactors by employing 

selective tubular UF ceramic membrane and polymeric nanostructured catalyst suitable for 

simultaneously separation and catalytic reduction of harshly water polluted. 
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Section 1 

Hybrid Treatment System Combining Heterogeneous Catalysis with Membrane 

Separation for Improved removal of 4-Nitrophenol and Textile Wastewater 

 

1. Experimental 

1.1. Chemicals and materials 

Titanium dioxide nanoparticles (TiO2, 98%, Φ=10nm), polyvinyl alcohol (PVA, MW-13000–

23000 g mol–1), methocel, Nitric acid (HNO3, ≥99.999%), Sodium hydroxide (NaOH, 

≥97.0%, pellets) for membrane cleaning, 4-nitrophenol (4NP) and sodium borohydride 

(NaBH4, 98%) were purchased from Sigma–Aldrich Chemical Company, France. Raw 

wastewater was provided by SITEX textile industry, Tunisia. Raw mud, used for membrane 

support shaping, was provided by the hydro cyclone laundries of phosphate from Gafsa 

Phosphate Company, Tunisia. Gold-decorated polymeric nanocomposites were used in this 

study as suspended catalysts to insure chemical reduction reaction. 

 

1.2. Material design and membrane nanostructuration 

The green tubular supports were prepared using homemade apparatus for shaping a plastic 

mud paste by extrusion method. The followed procedures for making ceramic support from 

the micronized mud powder (60µm) were similar to that reported by Khemakhem et al. 

(2015). The active UF layer based on nano-TiO2 powder was performed by dip-coating 

process for a dipping time of 60s. The preparation method of colloidal titania suspension and 

the heating treatment program of deposited membrane are described in the previously work of 

Oun et al. (2017). 

The ternary gold decorated clay/polymer nanocomposites were prepared by chemical grafting, 

in-situ photopolymerization, impregnation and chemical reduction method as described in 

Section 1 of Chapter 2. 

 

1.3. Membrane characterization 

As reported by Khemakhem and co-workers raw mud powder was sufficiently characterized 

by several techniques (Khemakhem et al., 2011; Khemakhem et al., 2015). In this work, the 

microstructure morphology and the surface uniformity of the asymmetric nano-TiO2 

membrane as well as the adherence quality between the UF deposited layer and the membrane 

support were investigated by scanning electron microscopy (SEM) using a MERLIN scanning 
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electron microscope from Carl Zeiss. The pore size distribution and total pore volume of the 

fabricated UF membrane were measured by mercury porosimetry analysis. 

 

1.4. Experimental procedure (CMR) 

The cross-flow filtration tests were performed using a homemade apparatus (Khemakhem et 

al., 2009) equipped with a feed tank having a working volume of 2 L and asymmetric tubular 

UF membranes having 7 mm inner diameter (i.d.), 10 mm outer diameter (o.d.), 150 mm 

length and effective area of 75.4 cm2).  

The experiments were performed by circulating feed solution into ceramic membrane reactor 

(CMR) system in the presence of monometallic gold supported catalysts suspensions. The 

permeate flux and filtration process were run at room temperature and under applied 

transmembrane pressure (TMP) range between 0.25 and 4 bar. The TMP was controlled by 

using two adjustable pressure valves located in both sides of membrane. Regularly collection 

of the permeate samples were performed for measuring permeate flux and rejection ratio 

while the retentate was returned back into the feed tank. 

Hydraulic permeability (L/hm2 bar) of the prepared UF nano-TiO2 membrane was carried out 

by measuring the water flux (Jw) as a function of time at different TMP values according to 

Darcy’s law equation: Jw = Lp * TMP (Bouazizi et al., 2016). 

Individual UF process was operated as reference to evaluate the performance intensification 

accorded by catalysis/separation coupling system. Moreover, the efficiency of the hybrid 

CMR process was evaluated for treating of aqueous 4NP solutions in the optimal conditions 

previously optimized by single UF membrane separation. Then, synergetic potential of 

suspended nanocomposite catalyst effect and the cross flow UF were carried out on a textile 

wastewater, to exhibit the advancement in engineered hybrid CMR system. 

 

1.5. Analytical methods 

The purification efficiency was monitored by measuring the following parameters (COD, dye 

content, pH and turbidity) according to standardized protocols. HACH RATIO 2100A 

turbidimeter was used to measure the turbidity of feed solution and permeate. The pH is 

obviously one of the basic characteristics of water. It indicates possible corrosion problems 

and the possibility of the presence of toxic metals. In the present work, the pH was measured 

using a digital pH- meter (NeoMet pH-220 L). Electrical conductivity measurement was 

performed by a NeoMet EC Meter EC–400 L conductimeter. The COD corresponds to the 

determination of the amount of oxygen required to oxidize the organic and inorganic matter 
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suspected to be oxidized. This parameter gives an estimate of the dose of organic and 

inorganic pollutants present in the wastewater. 

 

2. Results and discussion 

2.1. Permeation experiments and rejection performance 

The preliminary experiments were performed in membrane module without catalyst loading 

in order to evaluate the performance of ceramic UF membrane during treatment of 4NP 

before coupling with catalysis in a hybrid system. 

During single UF process, the permeation properties and the membrane rejection 

performances were examined. The results in term of Normalized flux (JN), cumulative 

permeate volume (CPV), JC and 4NP rejection are shown in Figure 41. The time dependent 

variation in JN of 4NP feed solution (250 ppm) through the pristine membrane was calculated 

under different values of TMP ranging from 0.5 to 4 bar.  

The results displayed in Figure 41a show a permeate flux decline with time. This behavior 

was observed for all experiments with 4NP. Moreover, a significant permeate flux decline of 

around 36.6% took place in the case of 4NP filtration at high pressure of 4bar. While, a 

decrease of only 6% of the initial flux was recorded at low pressure of 0.5 bar during the same 

operated time of 180min.  

Figure 41c shows that the permeation flux increased with TMP until 2 bar and then become 

independent of pressure for a values beyond 2 bars.  This behavior is due to the polarization 

of the concentration phenomena, which corresponds to the formation of a layer on the 

membrane surface by the retained substances during filtration. Then 2 bar will be considered 

as the optimal working TMP and then retained for the further experiments. 

It can be also observed that the decrease of the permeate flux with time was more important 

within the first 60 min, and beyond that, the decline kinetic was slow and the UF membrane 

reached a steady state flux. The same trend was widely mentioned in the literature (Bouazizi 

et al. 2017a; Chougui et al. 2019; Ma’ruf et al. 2019; Malik et al. 2020; Ouaddari et al. 2019; 

Xu et al. 2010). 

Further analysis of the data show that the flow rate of cumulative permeate reduced with the 

filtration time. This was observed whether at low or high pressure. Thus, the flow rate at the 

beginning of the experiment is always more important than that at a more advanced treatment 

time even without considering the TMP. Consequently, this can be an indication for the 

deterioration of membrane permeation properties. More precisely, for a TMP of 2bar a CPV 

of more than 260 mL was recorded within operation time of 15min. 
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The permeate flux and retention of organic pollutants is very dependent to the pressure 

change (Chhaya et al. 2012; Oun et al. 2017; Xu et al. 2010). In this context, Figure 41c 

illustrates the filtration flux were studied under the effect of working pressure at a fixed 4NP 

concentration.  Compared to pure water flux, a linear improvement of 4NP permeate flux was 

observed only for TMP range of 0.5-2 bar. Beyond 2 bar, the permeate flux increase very 

weakly. This behavior is described in the literature by critical flux concept. It can be identified 

as the limitation of linear relationship in the experimental plot of permeate flux change with 

TMP.  

It should be mentioned that Davis and workers were the first to use the term of critical flux 

(Davis et al. 1987). After that, relatively few studies have studied the relation between 

working pressure, flux and membrane fouling which is caused by stagnant cake layer on the 

membrane surface during the filtration process and intensifies with pressure (Chen et al 1995; 

Chen et al. 1997; Kim et al.1993).  

However, as in earlier research works, the critical flux was defined as “the flux below which 

no fouling occur” (Bacchin 1994; Bacchin et al. 1995; Benkahla et al. 1995; Blatt et al. 1970; 

Field et al. 1995; Howell 1995; Reihanian et al. 1983). The critical flux, as mentioned by the 

literature corresponds to the required flux to overcome repulsion due to osmotic pressure in 

the cross flow filtration (Bacchin et al. 2006; Tahri et al. 2012). As it can be clearly seen from 

the empirical results shown in Figure 41c the critical flux was 165 L/hm2 and the associated 

"critical pressure" was 2 bar.  

On the other hand, the pollutant concentration is a significant factor in all water treatment 

process and particularly in the ultrafiltration membrane separation (Damodar et al. 2010). In 

this case, the membrane performance was explored in single UF process, in terms of 4NP 

removal by studying the variation of the 4NP retention with feed concentration (50–2000 

ppm) at fixed TMP of 2bar and during 180 minutes of operating time.  
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Figure 41. (a) Normalized flux (JN = J/J0), (b) CPV of 250ppm 4NP solution as function of UF 

operation time at different TMP, (c) critical permeation flux and (d) effect of 4NP concentration on the 

membrane rejection rate at 2 bar. 

 

 

As it can be seen in Figure 41d, the 4NP retention increases sharply with the increase of the 

initial concentration from 0 to 70% -75% at a concentration between 5000 and 1000 ppm and 

then become almost independent of concentration reaching an equilibrium.  The 4NP 

retention seems follow a logarithmic relation with the pollutant concentration.  From Figure 

41d, the rejection was improved from 31% to 67% by increasing initial concentration from 50 

to 500ppm. Then, at higher feed concentrations (>500ppm) the removal rate increases very 

slowly. This may probably due to the accumulation and aggregation of pollutant molecules 

during filtration, resulting, with various other mechanisms, in membrane fouling (Fersi, et al. 

2009; Hairom et al. 2014; Howe et al. 2002; Jiang et al. 2018; Wiesner et al. 1996). 

Interestingly, increasing of feed concentration promotes foulants particles accumulation on 

the membrane surface and 4NP removal becomes more significant than at lower concentration 

(Saffaj et al. 2004). A possible explanation could be the additional concentration promotes the 

resistance to permeation of the pollutants by contributing to the molecules aggregation (Lin et 

al., 2016; Hamada et al., 1991; Bouazizi et al., 2017b).  The aggregation seems more effective 
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as concentration of molecules increases. According to various research works, higher feed 

concentration leads to the enhancement of osmotic pressure and then the permeate flux should 

to be decreased (Antón et al. 2015; Banerjee et al. 2010; Choudhury et al. 2019; Hamada et al. 

1991; Hilal et al. 2007; Yu et al. 2012). Moreover, the best rejection, observed when 

increasing the feed concentration, was explained by the membrane fouling which reduces the 

apparent membrane pore size (Howe et al. 2002; Ripperger et al. 2002; Saffaj et al. 2004; 

Waite et al. 1999). On the other hand, Zahrim and workers indicated that the plateau observed 

at high feed concentration was related to the fouling establishment on the membrane surface 

(Zahrim et al. 2011).Based on these experimental results, it seems that the best operating 

conditions favorable for an optimal 4NP removal by UF membrane were for TMP of 2 bar 

and initial feed concentration of 500 ppm. 

 

2.2. Hybrid water treatment system in CMR 

2.2.1. Nanocatalyst integration for 4NP removal 

In order to evaluate the nanocomposite contribution into the continuous catalysis/UF process, 

the approach consisting in single UF with and without MMT-PGMA-NH3
+@Au 

nanocomposite catalyst integration was followed. The effect of variation of catalyst loading 

on the process performances in term of permeation flux and 4NP removal were investigated. 

Figure 42 shows an evaluation of the influence of the catalyst dose on the permeate flux and 

permeate quality and then on the performances of the hybrid system during the treatment of 

4NP aqueous solution. Figure 42a, shows the evolution of the permeate flux with time at 

different catalyst dose varying from 100 to 500 mg/L under the hybrid continuous 

catalysis/UF system and a single UF.  It is very clear that the addition of the catalyst allows 

the limitation of membrane fouling observed under a single UF where a decrease of over 35% 

in permeate flux was observed after 3 h of UF.  Moreover, the results show that the presence 

of catalytic NP in the CMR configuration allows a rapid stabilization of the permeate flux.  

The highest flux value was observed with the highest dose of catalyst, i.e., 500 mg/L.  The 

stabilized flux increased from 143 L.m-2.h-1 to 165 L.m-2.h-1 when the catalyst dose increased 

from 100 to 500 mg/L respectively. It is worthy to notice that, when 100 mg/L of catalyst was 

added, the permeate flux decreases slightly during the first minutes of filtration and then 

quickly stabilized. It is suggested that suspended catalyst particles in the feed accumulate on 

the membrane surface forming an additional filter layer, which allowed to a drop of the 

permeation flux (Xia et al., 2007).  
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Figure 42. Effect of the catalyst dose on (a) Permeate flux stability with filtration time (b) Permeate 

flux and 4NP retention; (TMP = 2, initial 4NP concentration = 500ppm, working time= 3h). 

 

 

In this study, the results demonstrate that the catalyst particles are completely retained by the 

membrane. Therefore, by further increasing of integrated amount of nanocomposite from 

100mg/L to 500mg/L, the formed nanocomposite filter layer become thicker. This led to a 

first barrier occurred to retain the pollutant molecules, adsorbed on the membrane surface. 

Thus, membrane fouling is inhibited and a high and stable permeability was established 

(Zhong et al. 2011). 

In agreement with these results, Tansakul et al. (2011) and Hammami et al. (2017) revealed 

that powdered activated carbon (PAC) integration in hybrid water treatment process 

(Adsorption/UF) enhanced permeate flux. Moreover, ultrafiltration flux should to improve 

with the enhancement of PAC loading by crushing surface and detach the cake layer 

deposited on the membrane surface. Contrary, the smaller fouling rate was exhibited at the 

higher PAC dose. 

Prior research works suggest that control of cake permeability through monitoring the 

aggregate size could allow to a better fouling reduction and then a strong increase in the flux 

was observed (Ripperger et al. 2002; Waite et al. 1999).  

In this context, it was suggested by Zhong and co-workers that the accumulation of the 

nanosized nickel nanocatalyst on the MF and UF ceramic membranes surface during the 

hydrogenation of 4NP to 4-aminophenol (4AP) permit the nickel particle aggregation. 

Consequently, the enlargement of the aggregate caused by further particles number leads 

porous cakes formation and high flux is often obtained (Zhong et al. 2011). 

More recently, Mozia et al. (2015) have proven that introducing of catalytic particles into the 

feed tank using tubular ceramic membrane in the hybrid system coupling catalysis with 

ultrafiltration, allows a permeate flux stabilization. The authors explained the limitation of the 
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decrease of the permeate flux by the abrasion of the deposited cake layer by the suspended 

catalytic TiO2 particles. 

To identify the optimal dose of catalyst to be added, the influence of wider catalyst loading 

(100 - 1000 mg/L) were tested under constant working pressure of 2bar and initial feed 

concentration of 500 ppm. As expected, the UF permeation flux and membrane retention of 

4NP were increased with the enhancement of catalyst loading. 

As shown in Figure 42, the heterogeneous catalysis assisted UF process achieves the 

maximum yield (total 4NP removal and a high permeate flux of 167 L.m−2.h−1) for a catalyst 

dose of 500mg/L. However, once the slurry concentration of catalyst exceeds this optimum 

value, the influence of the addition of catalyst on the process performances is no longer the 

same. In this study, an increase of nanocomposite concentration beyond 500 mg/L still has 

any influence on the rejection performance, which was remained constant (100%). While, it 

was accompanied by a clear decrease in flux. This mainly attributed to the increase of the 

deposited layer thickness on the membrane surface, resulting from the interaction between the 

pollutants and the nanocomposite. Therefore, after reaching an equilibrium, a further catalysts 

dose leads to the layer grows which improve the layer resistance. Consequently, the filtration 

flux decline (Zhong et al. 2011). 

 

2.2.2. CMR for textile wastewater removal 

The next stage of this investigation was devoted to the study of the performance of the 

coupling the heterogeneous catalysis with UF in CMR system for application in the treatment 

of textile effluent.  

The aim in this approach is mainly based on its ability to remove contaminants, in particular 

dyes via the catalytic membrane offering simultaneously catalytic reaction which allows the 

reduction of organics by MMT-PGMA-NH3
+@Au and physical separation by UF membrane. 

 The effluent used in this case is a mixture of different effluents coming from the dyeing cycle 

(SITEX company). The characteristics of this effluent are illustrated in Table 7. This effluent 

has a harsh alkaline pH, high salinity and a relatively intense coloration.  

The comparison between performances of both single UF and hybrid system was achieved in 

terms of permeate flux and of permeate quality (pollution retention). It is worthy to highlight 

that, due to its high loading charge, the raw effluent has underwent a pretreatment by MF 

using a pristine ceramic mud support (mud = sub-product from phosphate industry). The MF 

pretreatment allows the minimization of the load content, lower energy consumption and the 

limitation of UF membrane fouling. 
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Table 7. Characterization of the raw effluent of SITEX textile industry. 

pH 
Conductivit

y (µS/cm) 

Turbidity 

(NTU) 

Color  TDS COD SS Cl- Na+ SO4
= 

(mg/L) 

11 ±1 2600 ±50 200 
350 

±100 

14000 

±2000 

3020 

±400 

509 

±60 

960 

±100 

1980 

±120 

960 

±100 

 

 

2.2.2.1. Permeation study: influence of VCF on permeate flux 

The permeate flux variation can be monitored as a function of time or also using the volume 

concentration factor (VCF) defined as follows: 

FCV = V0/V, whereV0 is the volume of the feed and V is the volume of concentrate. 

The variation of permeate flux with and without integration of composite nanocatalyst as a 

function of the VCF is shown in Figure 43.  It can be observed that a maximum VCF of 3.5 

was obtained with the application of a single UF, while with the hybrid system the maximum 

value was of 6. This result indicates that the hybridization of the system provides a permeate 

flux significantly higher than that produced by a single UF which can be explained by the 

different changes that can bring by the adding of catalyst,  mainly on the intrinsic properties 

of UF membrane (fouling resistance, selectivity and permeability of the membrane). 

Figure43 shows also a rapidly drop of the JN with VCF to reach a value of 3 and then became 

independent of VCF when UF was applied alone. Indeed, the flux decreased by about 60% 

during the first minutes of filtration process. However, the flux decline was  less important  in 

the presence of slurred nanocatalyst resulting in  permeate flux decrease  not exceeding 15% 

and 13% at VCF of 6,  respectively  by introducing MMT-PGMA-Au in the membrane 

reactor. 
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Figure 43. Variation of the permeate flux with VCF for textile wastewater treatment (Conditions: 

Wcatalyst= 0.5 g/L; TMP= 2bar). 

 

 

Therefore, for simple UF, the solute concentration and suspended solids (SS) in the feed 

solution strongly affected the membrane permeate flux, which can be explained by the 

increase in the rate of saturation of the membrane surface with the foulant particles due to the 

nature and physical properties of the effluents (Bouazizi et al., 2016). The high permeate flux 

stability, as a result of the nanocomposite catalyst integration, was enhanced by the 

continuous synergy of separation and catalytic reaction in membrane surface.  

In addition to their catalytic properties toward organics removal, the nanocomposite 

integration avoids the adhesion of fine particles onto the membrane surface by the formation 

of a dynamic nanocomposite separation layer, avoiding membrane surface fouling. These 

results are in agreement with that reported in the literature (Bouazizi et al., 2016; Hammami 

et al., 2017). 

 

2.2.2.2. Enhancement of permeate flux quality 

The elaborated titania UF membrane was applied to the treatment of textile effluent. As can 

be seen, the raw effluent is characterized by a high conductivity (2600 μs/cm) which is due to 

the excess of salts and by a significant turbidity (200 NTU), due to the high amount of the 

suspended material (5.1 g/L) which is responsible for the dark coloration of the effluent. The 

performance of the simple UF and the hybrid process in terms of COD reduction, turbidity 

and color (Abs) were studied. The filtration experiments were carried out at working pressure 

of 2 bar and at VCF of 2.5 for UF process and of 6 bars for the hybrid system. 
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Table 8. Performance of the hybrid catalysis/UF process. 

Parameter 
Raw 

effluent 

Biologically 

treated effluent 

UF 

permeate 

NF 

permeate 

Catalysis/UF 

In CMR 

pH 11 ≈ 8.5 ≈ 8.2 7.4 - 6.8 7.8 - 7.2 

Conductivity 

(µS/cm) 
2600 789 784 320 780 

Turbidity (NTU) 200 34 0.8 0.1 0.2 

COD (mg/L) 3020 192 170 <30 <15 

TDS (mg/L) 14000 4800 4780 ± 20 <1850 4700 ± 50 

Color (mg/L) 350 110 30 ± 5 0 0 

SS (mg/L) 509 40 2 0 0 

 

 

The experimental results obtained in this study are presented in the Table 8, the retention of 

the different pollutants are very important for both UF and catalysis/UF processes. Almost 

total color and turbidity removal were achieved in both cases respectively (99.9% and 100% 

for color and 99.9% and 99.9% for turbidity). It can be mentioned that color and turbidity 

removal were practically independent of VCF and almost completely achieved for both VCF 

of 2.5 and 6 because of the excellent performance of the prepared UF membrane. On the other 

hand, the best COD removal was achieved for hybrid process giving COD values lower than 

170 mgL−1 and 15 mgL−1 at VCF of 3 and 6 for UF and hybrid processes respectively.  

In general, COD rejection increases by increasing VCF. Bes-Piá and co-workers suggested 

that this behavior is related to the difference between organic molecule sizes and pore’s 

diameters of the membrane, besides of the fouling layer (Bes-Piá et al., 2010). In the case of 

simple UF, the increasing of VCF promotes the membrane fouling by solutes and fine 

particles that were not removed in the microfiltration pretreatment of the feed solution.  

In contrast, the excellent COD removal by the hybrid system is not attributed to membrane 

fouling as much as it is due to the additional porous layer dynamically formed by hybrid 

catalyst. The comparison of performances for simple UF and considered hybrid system with 

others treatment processes is shown in Table 8. 
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2.3. Membrane regeneration 

During the long-term use of ceramic membrane for wastewater remediation, an expected 

fouling of UF membrane may be occurred. Therefore, effective membrane cleaning strategies 

are required for flux recovery, in view of its practical applications in the industrial scale. 

Therefore, at the end of each filtration cycle, for the simple or hybrid system, the membrane 

has systematically undergone cleaning steps, according to the nature of fouling by rinsing 

with water, use of acidic and alkaline solutions at low and high TMP. It is to highlight that in 

the case of chemical cleaning a water rinsing until neutralization is necessary after each 

operation. 

Figure 44 shows the flux recovery of the UF membrane and separation efficiency for color 

removal after applying UF membrane for consecutive ten running cycles in simple and hybrid 

treatment. As indicated inFigure 44a, the titania UF membrane has a high flux recovery after 

cleaning process, indicating the presence of irreversible membrane fouling in the case of 

simple UF caused by the complexity of the raw effluent. Integrating polymer based catalytic 

nanocomposite for the hybrid system allowed the recovery of the initial flux values (Figure 

44a) and significant color removal (Figure 44b). 

However, although the modest salts rejection rate was obtained, the reuse of the permeate 

remains possible in the dyeing cycle after adjustment of the salt quantity according to the 

dyeing formulation. 
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Figure 44. Regeneration of UF membrane operating in hybrid system in the case of the use of 

500mg/L of catalyst (case of textile effluent treatment). 
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3. Conclusion 

In summary, tubular ceramic membrane was exhibited remarkable performances toward 4NP 

removal (67%). Then, higher performance in terms of permeate flux behavior and 4NP 

retention was observed by powdered nanocomposite catalysts integration in the filtration 

system. Stabilized permeate flux with almost no flux reduction with filtration time and a total 

retention of 4NP at a pressure of 2 bars and catalyst dose of 500 mg/L were observed.  

Furthermore, hybrid treatment system containing low cost ceramic UF membrane and 

catalytic gold nanoparticles mediated nanocomposite was successfully developed and applied 

for wastewater degradation. In addition, the experimental results revealed that loading CMR 

with catalyst nanoparticles provide strong benefits in continuous catalysis-UF textile 

wastewater treatment. Continuous circulated nanocatalyst leads to creation of a dynamic layer 

on the membrane surface. Hence, that intensify the treatment performances by providing 

additional separation barrier and enhance permeation by crushing fouling layer. 

Excellent COD, color, turbidity removal and permeate flux value quite near to that of water 

permeability with highly purified water were observed. Good performance was also supported 

by the stability of both membrane and catalyst. 

In this study, it can be concluded that nanocomposite catalysts provide to the membrane UF 

excellent performances and make contribution to the industrial application of coupling 

systems of heterogeneous catalysis with membrane separation. 
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Section 2 

Novel Ceramic Membrane for Removal of Explosives and Pesticides Contaminants from 

Water: Combination of Monolithic Catalyst with Co-Sintered Tight UF Membrane 

 

1. Experimental 

1.1. Materials 

In this study, mud powder from sub-product of phosphates transformation industry (Tunisia) 

was used as starting materials for the fabrication of ceramic membranes. Titanium oxide 

(99.5%) and polyvinyl alcohol (99%, M.W. 89000-98000), purchased from Sigma Aldrich 

were selected as the precursors to achieve the layer-by-layer coating. According to the 

information provided by the manufacturer, the particles size of the titanium oxide powders is 

∼21 nm on average. Glycidyl methacrylate (GMA, ≥97%), ethylene glycol dimethacrylate 

(EGDMA), 2,2′-azobisisobutyronitrile (AIBN, 98%), 1-dodecanol (1-Dod, 98%), 

cyclohexanol (99%), iminodiacetic acid (IDA,  ≥98.0%), Ethylenediamine (EDA, ≥99.5%), 

trimethylamine (Et3-N), anhydrous tetrahydrofuran (THF, ≥99.9%), acetone (≥99.5%), 

Sodium borohydride (NaBH4, >99%), Nickel(II) chloride (NiCl2, 98%), Chloroauric acid 

(HAuCl4, > 99%), 4-Nitrophenol (4NP, >99%), chloramphenicol (CAP, ≥98%) and 2,6-

dinitroaniline (2,6-DNA, 97%) were purchased from Sigma-Aldrich, France.Deionized water 

was used in the all experiments. 

 

1.2. Synthesis of P1-IDA@NiNPs and P1-EDA@AuNPs monolithic catalysts 

1.2.1. Preparationof poly(EGDMA-co-GMA) monoliths “P1” 

The organic p(EGDMA-co-GMA) abbreviated P1 monolith was prepared through photo-

induced radical polymerization. 5.2 mL GMA, as a reactive monomer, was copolymerized 

with 3.4 mL of the cross-linker EGDMA in solvent mixture consisting of 10.8 mL 1-decanol 

and 1mL cyclohexanol as porogenic solvents. Reaction mixture was stirred for 15min under 

continuous flow of nitrogen gas in the presence of AIBN (1% w/w of the total amount of 

monomers) as an initiator. To trigger the photo-induced free-radical copolymerization 

(FRCP), the mixture was placed in a Spectrolinker XL-1500 UV oven (Spectronics, 

Westburry, NY, USA) equipped with six lamps (6 × 15 W) and the reaction was proceeded 

under irradiation at 365 nm with continuously stirring for 1h. Subsequently, the synthesized 

monolith was collected by centrifugation and purified through soxhlet extraction overnight in 

THF, as extracting solvent, to remove the porogenic solvent and eventually non-reacted 
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monomers. Finally, the white EGDMA-co-GMA sample was dried at 60 °C under vacuum for 

24h. 

 

1.2.2. Nickel NPs decorated IDA functionalized polymeric monolith 

1 g of monolith P1 was dispersed in a mixture of 25 mL of methanol and 25 mL of deionized 

water. Then, a few drops of 1M sodium hydroxide aqueous solution were added to adjust pH 

of the reaction medium, followed by the addition of iminodiacetic acid (IDA, 1M) 

sequentially. The reaction system was heated to 80 °C and maintained under magnetic stirring 

overnight. Afterwards, the product was collected by centrifugation then rinsed several times 

with methanol, ethanol and deionized water successively. Finally, the obtained P1-IDA 

powder was dried under vacuum at 60 ° C for 24 hours. 

The synthesis of P1-IDA@Ni was carried out as following. Firstly, 1g of the monolith 

containing -COOH chelating groups (P1-IDA) was dispersed in 0.1 M sodium hydroxide 

solution for 1 h and the deprotonated P1-IDA was filtered and then dispersed in 20 mL of 

NiCl2 (1M) and allowed to react at room temperature for 2h. After suspension filtration and 

water washing of the obtained P1-IDA@Ni2+, it was dispersed in 10 mL of milli-Q water and 

then5mL of freshly prepared NaBH4 solution (0,1M) were added dropwise to the suspension 

under nitrogen atmosphere to conduct the in-situ generation of NiNPs on the monolith 

surface. The resulting P1-IDA@Nimonolith was purified by acetone and water and then 

collected powders were dried under nitrogen atmosphere. 

 

1.2.3. Gold NPs decorated EDA functionalized polymeric monolith 

The Chemical functionalization of the prepared monolith was performed in situ. 1g of the P1 

previously prepared was immersed into 100 mL isopropanol in presence of 2mL of 

triethylamine useful as catalyst for amination reaction.  

While stirring, 7mL of ethylene diamine (EDA) was added and the reaction mixture was 

heated up to 85 °C for 24 h. After that, the resulting solute was washed abundantly by 

isopropanol and ethanol. Finally, the obtained powder was dried in vacuum oven at 60°C for 

2h. 

After treatment of EDA-functionalized monolith with 0.1 M hydrochloric acid solution, 500 

mg of the resulting chelatant P1-EDA monolith was dispersed in 10 mM gold (III) chloride 

hydrate solution under continuous stirring at room temperature during 2h. After suspension 

filtration and water washing of the obtained P1-EDA@Au3+, it was dispersed in 10 mL of 

deionizedwater and then 5 mL of freshly prepared NaBH4 solution (0,1M) were added 
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dropwise. The reaction was maintained under stirring at room temperature for 1 h until the 

solution turned from white to purple, proof of AuNPs formation. 

The as-obtained P1-EDA@Au monolith was finally purified through repeated 

centrifugation/dispersion cycles with water and absolute ethanol, and then dried under 

vacuum at 60°C for 3h. 

 

1.3. Low-cost membrane design 

1.3.1. Porous mud support elaboration 

As phosphate sub-products, mud powder has several attractive properties including the great 

abundance, chemical properties and lower consolidation temperature when compared to other 

inorganic materials (e.g., metal oxide materials). Due to its unique properties, phosphate mud 

is considered as particular candidate for making low-cost membranes.The phosphate mud can 

give also ceramic pastes with good plasticity and an easy shaping (Khemakhem et al., 2011). 

Here, as robust substrate to deposit filtration layer, tubular ceramic tube was wet route 

prepared by using extrusion method of green paste. Thereafter, the green support was set on 

rollers to have a homogenous drying at ambient temperature. 

 

1.3.2. Preparation of tight ultrafiltration titania layer 

Tight ultrafiltration bilayer membranes were prepared by layer–by–layer (LbL) deposition 

technique on the inner surface of green ceramic support. The dry bare supportwas dip-coated 

for 60s into a stable titania slurry mainly contains a mixture of nano-TiO2 dispersed in an 

aqueous solution of PVA (Oun et al., 2017). Then, the second membrane layer was carried-

out in the same conditions by repeating the coating procedure twice. The wet membrane was 

dried overnight at room temperature then at 150 °C for 12 h, followed by co-sintering process 

at 800 °C for 3 h to simultaneously achieve consolidation of membrane structure and ensure 

the adhesion between different layers. 

 

1.3.3. Characterization and Analytical methods 

The morphology and surface chemical structure of the prepared composite materials were 

checked by Scanning Electron Microscopy (SEM) using a MERLIN microscope from Zeiss 

(Carl Zeiss, Germany), equipped with InLens, BSE and SE2 detectors using a low 

accelerating tension (2-3 kV) with a diaphragm aperture of 30 μm. X-ray photoelectron 

spectroscopy (XPS) measurements were performed on a Thermo Scientific K-Alpha XPS 
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instrument equipped with a monochromatic Al Kα X-ray as the excitation source (hν =1486.6 

eV, spot size = 400 µm). 

The metallic gold content in the monolithic materials was characterized using 

thermogravimetric analysis (TGA) on a SetaramSetsys Evolution 16 thermobalance., under 

Argon atmosphere in a temperature range of 25–800 °C, at a heating rate of 10 ◦C/min. 

Fourier Transform Infrared spectroscopy (FTIR) measurements were conducted on a Bruker 

Tensor 27 DTGS spectrometer in the wavenumber range of 400-4000 cm-1 with an average of 

60 consecutive scans and a resolution of 4 cm-1. Prior to analyses, the samples were dried 

under vacuum at 60 °C for 2h. 

Several characterization methods were used to evaluate raw materials and to determine the 

structural and morphological properties of deposited titania layer. The chemical composition 

of raw mud powders was determined by X-ray fluorescence (XRF) for metals and by atomic 

absorption for alkaline earth metals. The particle size distribution of sieved raw powders was 

checked by the Dynamic Laser Beam Scattering (DLBS) technique. TGA analysis was used 

on raw mud to identify the mass loss vs heating temperature. Membrane morphology and 

surface density were examined by scanning electron microscopy (SEM). The pore size 

distribution of the support and titania coating layer was determinate based on BET method. 

 

1.4. Experimental Procedures 

In this work, a homemade apparatus was used to perform the hybrid treatment system. It is 

composed of a batch catalytic reactor coupled with a membrane module. 

The treatment system (CMR) consists in a continuous catalysis/UF including the P1-IDA@Ni 

and P1-EDA@Au as catalysts and ceramic membrane for separation process. 

Firstly, control experiments were carried out using UF membrane without catalysts addition. 

These experiments allowed to evaluate the individual performance of the TiO2 membrane and 

quantify the contribution of membrane rejection on the total CAP and 2,6-DNA removal by 

the CMR system. These experiments were carried out with an initial working volume of 2 L, a 

tubular mono-channel membrane surface area of 24 cm2 under a transmembrane pressure 

(TMP) of 4 bars throughout the filtration process. After the integration of the catalysis 

reaction, the membrane rejection efficiency was characterized to evaluate the created 

synergistic effect. 

Initially, the feeding solution was injected in the CMR tank and then the required amount of 

catalyst was added. Thereafter, a high-pressure pump was connected to promote mixing and 

to deliver the feed. Once the adsorption–desorption equilibrium between membrane and the 
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feed solution was achieved, the system was brought to a transmembrane pressure (TMP) of 4 

bar by using a pressure transducer. Feeding solution was firstly catalyzed by adding NaBH4 to 

the suspended monolithic catalysts. Subsequently, the crossflow filtration was achieved. 

The collected permeate was measured using a digital balance and the permeate flux was 

determined using the following equation: 

J = V / (S x Δt), 

where J is the permeate flux (L.m–2.h–1), V is the volume of collected permeate (L), S is the 

effective surface area of the membrane (m2), and Δt is the permeation time (h). 

The permeate quality was analyzed using UV–Visible spectrophotometer to evaluate the 

hybrid system performances. 

The total removal efficiency was calculated using the following equation: 

Removal efficiency = [(Cfeed – Coutlet)/ Cfeed] x 100,  

where Cfeed and Coutlet are the initial feed solution and sampling permeate concentration, 

respectively. 

 

2. Results and discussion 

2.1. Monolithic nanocomposites characterization 

The FTIR spectroscopy was carried out to analyze the chemical structure of the monolith P1 

and to control the functional group during the chemical modification process by IDA and 

EDA molecules. As shown in Figure 45a, the FTIR data of raw P1 presents a double weak 

peak at 2939 cm−1 and 2996 cm−1 and strong peak at 1726 cm−1 corresponding, respectively, 

to the characteristic vibration of methylene and methyl (νC−H) and ester (νC=O) groups, 

presented in of GMA and EGDMA structure. In addition, three weak peaks were observed at 

752 cm−1, 845 cm−1 and 907 cm−1 assigned to the vibration band (δC−H epoxy) of epoxy ring of 

the GMA microspheres. Additional absorption band characteristic of C–O–C stretching 

vibration (νC–O–C) was detected at 1450 cm−1. Indeed, after the modification reaction of the 

monolith using iminodiacetic acid, the disappearance of characteristic epoxy ring peaks 

confirms its conversion by the ring opening. Meanwhile, a new broad band assigned to 

hydrogen bonded alcohol O–H stretching (νO–H) centered at 3410 cm−1 was appeared and hide 

this of carboxylic groups exist as dimers in the IDA because of to their strong hydrogen 

bonding. Moreover, the NiNPs immobilization onto the functionalized monolith kept busy the 

carboxylic groups which followed by vanishing its characteristic band. 

To control the changes in surface chemical composition of the monolith P1 after the 

incorporation of EDA, the FTIR spectra were recorded on pristine and EDA modified 
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monolith as shown in Figure 45b. In the case of EDA modification of P1, the methylene and 

methyl groups vibrations were slightly shifted from 2939 cm−1 and 2996 cm−1 to 2830 cm−1 

and 2939 cm−1 respectively. Further, during the EDA functionalization process, the band 

intensity of the epoxide groups is nearly disappeared. Additionally, in the EDA modified P1 

monolith spectra, a broad and weak absorption bands were appeared at 3332 cm−1 and at 1558 

cm−1 resulted from −NH2 stretching (νN–H) and N-H bending respectively. Thus, confirm the 

successful grafting of EDA onto the epoxide function of the monolith P1. Consequently, the 

free primary amine functions acted as ligand to immobilize the gold nanoparticles. 

The thermal properties of the synthesized P1 monoliths before and after modification were 

determined using TGA analysis as presented in Figure 45c and 45d. Both P1-IDA and P1-

EDA are stable up to 300. The stability of NiNPs and AuNPs supports play a vital role in their 

catalytic performance, as high stable support would enable the recyclability of catalysts. It’s 

worthy to note that the monoliths stability increased after incorporating Ni and Au 

nanoparticles. At 700 °C, 19.5 wt.% and 16.5 wt.% residues, corresponding to the contents of 

metallic nanoparticles, were detected for P1-IDA@Ni and P1-EDA@Au, respectively. 

The structures, phase purities and chemical nature of nickel and gold NPs decorated 

monoliths were examined by X-ray powder diffractometer (XRD) using Bruker D8 Advance 

X-ray diffractometer equipped with Cu Kα (λ = 1.54 Å) with scan rate 2° min-1 and diffraction 

angle range 10-90°. The XRD patterns of these materials are illustrated in Figure 45e and f. 

As can be seen from Figure 45e, the presence of Ni was confirmed by the X-ray diffraction 

peaks observed at 2θ= 17.35°, 34°, 44° and 60° attributed to (111), (200), (111) and (220) 

reflection planes, respectively (Castillo et al., 2015; Karthik et al., 2017; Roy et al., 2018; Yan 

et al., 2014). In addition, all recorded reflection peaks are indexed to the crystal face centered 

cubic structure of metallic (Ni0) and nickel oxide (NiO) NPs (JCPDS card No.040850; JCPDS 

card No. #47-1049).  
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Figure 45. Physicochemical characterization of P1-IDA@Ni and P1-EDA@Au monolithic catalysts 

by FTIR (a and b), TGA (c and d) and XRD (e and f).  

 

 

The characteristic nickel oxide peaks were due to the surface oxidation layer that covers Ni0 

NPs by the air contact may be during the centrifugation process (Zhou et al., 2019). Figure 

45fshows the diffraction peaks at 30.65 (111), 37.94 (200), 64.34 (220) and 77.54 (311) 

which indicates the formation of the crystalline face-centered cubic structure of gold 
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nanoparticles (Au0) on P1 matrix (Chen et al., 2019; JCPDS file number: 04–0784; Maity et 

al., 2012; Philip et al., 2009; Sen et al., 2013; Seo et al., 2017; Shankar et al., 2003; Suvith et 

al., 2014). The unassigned peaks indicate the crystallization of the organic matter which 

surround the metal nanoparticles (Philip et al., 2009; Shankar et al., 2003; Suvith et al., 2014). 

 

2.2. 4NP removal using P1-IDA@Ni and P1-EDA@Au 

To evaluate the catalytic ability of the as-prepared nickel and gold-based monoliths, the 

hydrogenation reaction of 4NP to 4AP was selected as catalytic model reaction in the 

presence of NaBH4 as a hydrogen source at room temperature. 

In this present work, the reduction of 4NP in a moderate reaction conditions of [4NP]= 

0.5mM; [NaBH4]= 12.5 mM and catalyst dose = 0.25 mg/mL was monitored by measuring 

absorbance intensity change during reaction time using an Agilent Cary 60 UV-Visible 

Spectrometer (Figure 46). However, Figures 46a and bshow a quickly decrease in the 

intensity of the 4-nitrophenolate absorption peak at 400 nm. Meanwhile, the bright yellow 

color gradually fading to colorless and a new absorption peak was detected at 297 nm, which 

indicated the conversion of 4NP to 4AP. The completion reduction times were 100 s and 200 

s when using P1-EDA@Au and P1-IDA@Ni catalysts, respectively. Accordingly, this 

indicates the high catalytic activity of both gold and nickel immobilized on P1 monolith with 

a best activity for gold NPs. 

The kinetic constant (kapp) values determined from the slops of the plots shown in Figure 

46cshow that the reduction 4NP in the presence of NaBH4 using gold supported P1 was of 

3.73 ×10-1 s-1, so 2.5 more higher compared to that of nickel catalyst (1.51 ×10-2 s-1). The 

lower catalytic activity of NiNPs based monolith in comparison to AuNPs based monolith 

could be attributed to the presence of an oxide layer on the surface of NiNPs which formed 

when the samples are exposed to ambient air. Indeed, such a layer induces the decrease in the 

availability of the immobilized Ni active sites for the reduction reaction. Furthermore, it is 

worth to mention that in the case of P1-IDA@NiNPs, there was a slow initial decrease in the 

intensity of the 4NP absorption peak (see Figure 46a) due to the induction period clearly 

detected in Figure 46c. This time interval can be assigned to the time taken by nickel oxide 

layer to be reduced to nickel by NaBH4 reducing agent present in excess in the catalytic 

reaction.  

In order to further investigation of the contribution of NaBH4 solution and catalysts in the 

total hydrogenation reaction of 4NP, the adsorption ability of the monolithic matrix and 

reducing effect of NaBH4 in the absence of MNPs were carried out as reference tests.  
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As illustrated in Figure 46d, after introducing EDA-functionalized monolith (0.25 mg/mL) 

and an excess of NaBH4 ([NaBH4]/[4NP]=25), the UV–Vis absorption spectrum of 4NP at 

400 nm recorded for a period of 3h shows a slight changes. The slight variation in the 

intensity of the absorption characteristic band at 400 nm indicated that P1-EDA (similar 

behavior in the case of P1-IDA) has no catalytic effects and this slight change could be 

explained by the adsorption of molecules on suport via complexation reaction by COOH and 

NH2 chelatant groups present on the surface of the monoliths. Moreover, both of P1-IDA and 

P1-EDA and NaBH4 contribute by 12% of the final removal rate of 4NP during 3h which 

correspond to 0.11% for the same conditions (reduction time of 100s) in presence of P1-

EDA@Au. 
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Figure 46. UV-vis spectra of 4NP during the reducing reaction using (a) P1-IDA@Ni, (b) P1-

EDA@Au hybrid catalysts, (c) the corresponding pseudo-first order kinetics and (d) the reference 

catalytic reaction. Conditions: [4NP] = 5 10-4 M; [NaBH4]= 0.05 M; Dose of catalyst= 1mg/mL. 
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2.3. Reusability of monolithic catalysts 

The reusable catalytic properties of the as-prepared catalysts were shown in Figure 47. The 

conversion of 4NP can achieve above 97% and 98% by using P1-IDA@Ni and P1-EDA@Au 

catalysts respectively, even after running for eight cycles (Figure 47a and b). This indicates 

the high chemical stability and the excellent catalytic performance of the synthetized 

nanohybrid catalysts. 
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Figure 47. Cycling performance plots of (a) P1-IDA@Ni and (b) P1-EDA@Au catalysts for 4NP 

reduction within 200s and 100s respectively. 

 

 

2.4. Ceramic membrane characterization 

2.4.1. Raw mud powder characterization 

The chemical composition of the raw mud reveals that the major components were calcium 

(CaO, 19.98%) and phosphate (P2O5, 8.40%) oxides as shown in Table 9. It can be noted that 

this phosphate mud is a carbonated fluor-apatite(Bouazizi et al., 2017). 

 

Table 9. Chemical composition of phosphate mud. 

Elements P2O5 CaO SO4 SiO2 Fe2O3 F- Al2O3 MgO CO2 Corg 

(wt.%) 8.40 19.98 2.47 38.89 1.09 1.30 6.75 1.84 6.06 13.12 
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In addition, particle size distribution of mud powder as a function of volume distribution 

percentage is given in Figure 48. According to the statistical data, the most of particle size 

distribution located in the range of 8µm and 20µm with an average particle size in the order of 

14 µm. Furthermore, particle size of starting powder plays an important role in the porosity, 

pore size distribution and the morphological structure of the final co-sintered membrane.  
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Figure 48. Particle size distribution of mud powder used for membrane elaboration. 

 

 

Chen and co-workers have mentioned that the morphology and the pore structure are 

straightly affected by the particles mean diameter (Chen et al., 2016). As a result, they 

concluded that the average pore size for both the support and the membrane layers decreases 

with decreasing the mean diameter of the used nanoparticles. Liu and co-workers have 

explained this behavior by the good packing density provided by small particles, which could 

easily produce, under the heating effect, a dense membrane texture (Liu et al., 2012) 

confirming the low porosity of UF membrane. 

 

2.4.2. Scanning electron microscopy (SEM) 

The morphological structure, surface quality and densification of the membrane were 

analyzed by FESEM. Figure 49 shows the structure of titania membrane including 

morphologies of the cross-section (Figure 49a, c and e) and surface view (Figure 49b, d and 

f) of bare support and co-sintered titania membrane layers at 800°C / 3h prepared by layer-by-

layer coating.  
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Figure 49a shows the overall cross-section of mud support. On its symmetric structure, a first 

TiO2 layer was successfully deposited. As seen, the coating penetration into surface structure 

of support was not readily to be quantified and the measured approximate thick value was 

estimated by around 18 µm (Figure 49c). Subsequently, the following nano-TiO2 coating 

exhibit a top layer uniformly deposited on the surface of previously layer and have around 12 

µm thick (Figure 49e). 

It can be clearly deduced from FESEM images that the nano-TiO2 coating of membrane 

support was reported to change both pore size and morphology of the membrane layer 

compared to the bare support layer. The surface of the mud support was rough and uneven 

(Figure 49b), while the membrane interlayer showed a relatively uniform and smooth surface 

(Figure 49d). These results indicate that the dip-deposition process smoothed the surface. 

Therefore, a good adhesion between intermediate layer/mud support was observed. Then a 

more dense and homogeneous texture might be formed with the second coating (Figure 49f). 

This allows performing a thin dense and defect-free ceramic membrane (Chang et al., 2006). 

As a result, a progressive enhancement of the surface pore density can be observed with 

increasing the number of coating cycles. A FESEM superficial observation of the top layer 

shows the consolidation of the final dense ceramic body. In other words, the co-sintering 

process of the asymmetric membrane intended to a similar and simultaneously consolidation 

of the support and the membrane layer in order to obtain a dense and crack-free membrane. 

According to various works, the co-sintering technique was considered as a suitable technique 

to fabricate asymmetric membrane having an ultra-thin filtration layer (Dong et al., 2009; Jin 

et al., 2001).This technique was frequently performed to prepare tubular membrane 

multilayers (Liu et al., 2015; Meng et al., 2014). 
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Figure 49.FESEM images of (a) overall cross-section and (b) surface view of mud support; (c) surface 

and (d) cross-section of intermediate layer; (e) surface and (f) cross-section of top layer membrane co-

sintered at 800°C. 
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2.4.3. Pore size distribution and wettability properties 

In this study, we investigated the pore size distribution of the bare and nano-TiO2 coated 

ceramic membrane. As revealed in Figure 50, membrane support shows a porous structure 

with mean pore diameter of 0.1 μm. The deposition of titania layer on the mud surface 

reduced the mean pore size of the bare membrane to 18 nm for membrane interlayer and 2 nm 

after the deposition of the second layer. 
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Figure 50. Pore size distribution of co-sintered bilayer membrane. 

 

 

As illustrated in Figure 50, the top layer has a narrow and uniform pore size distribution with 

a mono-distribution model located at 2 nm. This membrane can work in the domain of low 

UF. It was found that the pore size distribution of the membrane was closely related to 

coating cycle number, where the mean pore diameter decreases with increasing the repeated 

coating cycle. Therefore, these results confirm that the layer-by-layer coating is a good 

technique for more controlling the membrane pore size and surface morphology of the 

ceramic membranes. 

In order to better understand the nano-TiO2 coating effect on the wettability properties, water 

contact angle was evaluated to compare the hydrophilicity of bare and LbL coated membrane 

surface (Nan et al., 2016). Figure 51 shows an increase in the contact angle (CA) value with 

the LbL coating process, which is due to the increase of the roughness as well as the 

densification of the membrane surface. The water droplet laid on the support surface was 
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immediately absorbed for resulting to a CA of 16° which is explained by the water 

penetration into the porous structure of the support caused by gaps between the mud particles. 

Further, the first nano-TiO2 coating of the support diminishes the wettability properties of the 

surface. Then, the CA increased to about 48° but still too lower than that of the hydrophobic 

surface. 
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Figure 51. Water contact angle measurement for (a) bare mud support and co-sintered TiO2 membrane 

surface after (b) first and (c) second LbL coating. 

 

 

The deposition of the second nano-TiO2 coating layer increased again the contact angle of 

bilayer membrane to a value of 69°. However, the CA remains lower than 90° and the surface 

still capable to absorb water. These results show a slight hydrophobic property of the UF 

membrane. Thus, it can be concluded that the LbL coating process could seriously affects the 

hydrophilicity of the ceramic membrane surface and then provides an important control of 

both permeation properties (Zhang et al., 2015) and fouling through the membrane (Zhu et al., 

2017). Further, CA measurements are extremely sensitive to several factors such as surface 

roughness, surface free energy (SFE) value, surface groups (such as hydroxyl groups, which 

are removed in this study by the high heating temperature) and the surface physicochemical 

properties (Conti et al., 2018; Guo et al., 2019; Kujawa et al., 2017). 

The TiO2 coating process modifies the hydrophilicity of the membrane surface leading to a 

change of the interfacial interaction with solvent (water droplets, feed solutions) / membrane 



228 
 

surface. It can be deduced that the LbL deposition using nano-TiO2 contributes to the mass 

transfer and then permeation flux, due to the antifouling properties (Chang et al., 2014). 

 

2.5. Application to Chloramphenicol (CAP) drug and 2,6-Dinitroaniline (2,6-

DNA) removal 

The filtration characteristics of the T-UF titania membrane applied to the removal of CAP and 

2,6-DNA from solution was performed.  Figure 52 shows the effect of the initial solution 

concentration at operating pressure of 4 bar. 

The T-UF membrane exhibits a high rejection for both CAP and 2,6-DNA demonstrating the 

high potential of this novel membrane for organic pollutants removal. The rejection of the 

both molecules increased with increasing the initial concentration. This was also consistent 

with the observed decline in permeate flux at high feed concentrations, compared to that 

obtained with pure water flux. The high rejection of the organic molecules by the 

ultrafiltration membrane is surprising given the small molecular weight of both 2,6-DNA and 

CAP (184,1 Da to 323.1 Da) relative to the molecular weight cutoff of the T-UF membrane 

(approximately 2000 Da). 

However, it is well known that these aromatic molecules tend to aggregate due to 

hydrophobic interactions between the aromatic rings of adjacent molecules during the 

filtration process (Hamada et al., 1991; Lin et al., 2016). 

Figure 52a shows the improved of the molecule’s rejection with increasing feed 

concentration. Due to the hydrogen bond and to the formation of molecule clusters, the 

pollutant molecules rejection can be highly enhanced. Indeed, Chloramphenicol and 2,6-

Dinitroanilin can generate two types of molecular interactions: π-π interactions due to its 

aromatic ring and electrostatic interactions due to amino groups (Kastas et al., 2011). 

Consequently, the high rejection of these organic pollutants is due to the synergistic effects of 

the increase in molecules size through aggregation way and the strong electrostatic exclusion 

effect from the membrane surface. 

On the other hand, remarkable decrease in the permeate flux with feed concentration was 

observed (Figure 52b). Here, it is interesting to point out that the decrease in permeation flux 

indicated that the membrane fouling behavior took place (Jana et al., 2010; Lin et al., 2016; 

Yu et al., 2012). The decrease of the permeate flux with the increasing of initial feed 

concentrations can be explained by the enhancement of the concentration polarization layer 

effect and the molecules adsorption onto membrane surface, (Bouazizi et al., 2017). The 

increasing concentration of these organic species would enhance the membrane surface 
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resistance effect, which allowed more retention and thus the increasing of rejection efficiency 

(Karim et al., 2018). 

Based on the literature, the experiments developed by Lin et al, (2016) on tight ceramic UF 

membrane (with mean pore size of 0.91 nm) for dye removal shows under the similar 

experimental conditions (working pressure of 4 bar, dye concentration of 50-2000 ppm) a 

close permeate flux of 105-95L.m-2.h-1compared to that found in our work for pesticide (118-

85 L.m-2.h-1) and drug (115-75 L.m-2.h-1) (Lin et al., 2016). Furthermore, the permeate flux 

values obtained in the present study remained acceptable (Jiang et al., 2018; Lin et al., 2016). 
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Figure 52. Variation of the (a) rejection rate and (b) permeation flux with CAP and 2,6-DNA 

concentrations at 4 bar using nanostructured titania membrane. 

 

 

Wang and workers were demonstrated that to overcome the fouling problem and increase the 

membrane separation efficiency of the commercial dense NF membranes, the LbL deposition 

was a perfect method to synthesize preferment ceramic multilayer membranes with a rejection 

rate of over 96.0% (Wang et al., 2013). Further analysis reported in the literature revealed the 

strong advantage of T-UF membrane compared to NF membranes during membrane 

separation experiments (Lin et al., 2015; Vander et al., 2001). 

 

2.6. Synergistic effect of catalysis reaction and membrane filtration in CMR 

system 

In this investigation, the performance of the bilayer membrane was evaluated during the 

treatment of CAP and 2,6-DNA solutions in the T-UF-CMR under catalyst dosage effect. 

Hybrid process efficiency in term of permeate flux and rejection (of the organic pollutants) 
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was studied in the presence of catalysts by P1-IDA@Ni and P1-EDA@Au loadings from 50 

to 250 mg/L. 

In the case of the use of P1-IDA@Ni catalyst (Figure 53a), the rejection of 2,6-DNA and 

CAP was enhanced with enhancing monolithic catalyst amount in comparison to the T-UF 

only. A high rejection of the organic compounds was observed even at a low catalyst 

concentration. In addition, a total rejection rate was achieved by using catalyst dose of 200 

mg/L for both explosive (2,6-DNA) and drag (CAP) molecules. 

However, under the same conditions of TMP (4bar) and feed concentration (200ppm), a lower 

dose of 150 mg of the P1-EDA@Au hybrid monolith was sufficient for total organics removal 

during the treatment of both 2,6-DNA and CAP (Figure 53b).The high performance in 

retention rate of the hybrid system is attributable to the interaction associated with the 

physicochemical properties of the membrane, the hydrodynamic effect of the solution 

circulation and catalytic contribution of the powdered monolith catalyst. 

On another hand, similar results were achieved in term of permeate flux enhancement by 

integration of monolith catalysts after 2h of running time. The experimental results of the 

occurred changes on permeate flux during hybrid UF/catalysis, indicated that the water flux 

was found to progressively increase with monolithic catalyst loading in T-UF-CMR compared 

to the case of reference membrane (Mozia et al., 2014). Hence, the permeate flux increased 

for 2,6-DNA and CAP, respectively, from 106 L.m−2.h−1and 100 L.m−2.h−1 to 122 

L.m−2.h−1and 132 L.m−2.h−1 by adding 250 mgL−1 of P1-IDA@Ni and from 108 Lm−2 h−1 and 

105 Lm−2 h−1 to 132 L.m−2.h−1 and 135 L.m−2.h−1 by adding the same dose of P1-EDA@Au.It 

can be concluded that the continuous increase of catalyst amount may improves again the 

permeation by decreasing membrane fouling. Furthermore, the contribution of P1-EDA@Au 

to the permeation flux was higher under all experimental conditions compared to the P1-

IDA@Ni.This is presumably because P1-EDA@Au has a better catalytic efficiency to destroy 

organic compounds due to the higher surface reactivity of Au NPs, resulting in the decrease of 

the membrane surface fouling. 
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Figure 53. Effect of catalyst loading on the permeate flux during CAP and 2,6-DNA treatment by 

hybrid catalysis / T-UF process. Catalyst: (a) P1-IDA@Ni; (b) P1-EDA@Au.  ([2,6-DNA] = [CAP] = 

200ppm, TMP =4bar, t=2h). 

 

 

These results show the great influence of the catalytic monoliths introduction in the 

conventional membrane separation system. The continuous circulation of the feed solution 

under the effect of pumping force provides a dynamic layer of the catalyst particles on the 

membrane surface. It was observed that the porous surface of the supplementary separation 

layer created by the circulated catalyst slurry improves the hydrophilicity of the membrane 

covered with the catalytic particles (Mozia et al., 2014). On the other hand, the increase of 

catalyst loading in the system may promote the degradation of the organic matter by 

improving the catalyst active sites and decreasing of reaction activation energy, which 

allowed the acceleration of the degradation rate(Li et al., 2019; Sert et al., 2017).Therefore, 

the flux improvement as well as the enhancement of the separation of dissolved matters took 

place. 

 

2.7. Reusability evaluation of the T-UF CMR 

The reusability potential of the T-UF membrane, catalyst stability and the synergistic control 

of the heterogeneous catalysis-assisted physical separation performance were evaluated in the 

CMR system. Figure 54illustrates the treatment efficiency in terms of TOC removal and 

fouling-control property (maintained flux) of the CMR used during four successive cycles to 

treat over a running cycle of 2h each.  
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Figure 54. Reusability potential of the bilayer titania membrane in terms of (a) permeate flux and (b) 

rejection performances in the CMR system after each inter-cycle cleaning. 

 

 

After each experiment, hot water (60 °C) was put under circulation through the membrane 

during 1 h for membrane cleaning step. Thus, a fresh feed solution was introduced for the 

subsequent running cycle. Figure 54aillustrates the TOC removal efficiency by T-UF 

membrane with and without the catalyst integration. Regarding the first run, the results 

indicated a complete TOC removal by using the hybrid separation/catalysis treatment in 

comparison to the single UF separation by the T-UF membrane, which allows to TOC 

decrease by only 60%. In addition, hybrid system maintains a high TOC removal (>96% and 

89% with P1-EDA@Au and P1-IDA@Ni successively) after the fourth treatment run. 

Contritely, single UF process illustrates a poor TOC rejection that does not exceed 42%. 

Figure 54b shows the permeation change during the four treatment cycles and the recovered 

flux after each cleaning step. A significant permeation flux decrease was observed with single 

UF process. Moreover, 75.2 % of the initial flux was maintained after the first cleaning step 

and significant loss of permeation properties was recorded during four UF cycles. This result 

suggests that the catalyst still preserve a high removal capability due to its high stability. 
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On the other hand, the hybrid system showed a large contribution of catalytic activity of 

suspended P1-EDA@Au and P1-IDA@Ni monoliths against the TOC removal. Interestingly, 

the hybrid system could keep almost constant the initial flux. However, a slightly change on 

the initial permeation flux was observed after each treatment cycle. Furthermore, over than 

97% of the initial flux has been recovered after the 4th cycle. This suggests the reusability 

potential of T-UF CMR due to the recycling efficiency of the catalysts and the fouling control 

ability assisted by the dynamic layer deposition of the used catalyst slurry. 

 

2.8. Membrane filtration resistance 

Among of the main objective of this work is to explain the most distribution of fouling 

resistance and identify each contributing resistance on the overall flux decline. The resistance-

in-series model (He et al., 2018; Tahri et al., 2012, Cheng et al., 2017) was described in order 

to reveal the fouling mechanisms of the membrane. Permeate flux was calculated after each 

filtration step at fixed TMP using Eq. (1) in order to determine the membrane resistance 

through the Eq. (2): 

J = TMP/µ.RT                                                                                            Eq. (1)  

where, TMP (bar) is the transmembrane pressure, µ (Pa.s) is the permeate viscosity and RT 

(m-1) is the total resistance 

RT = Rm + Rr + Rir                                                                                   Eq. (2) 

where, Rm is the self-membrane resistance or intrinsic membrane resistance, Rr present 

reversible resistance and Rir is the irreversible resistance 

Rmwas determined by measuring the initial pure water flux of virgin membrane (J0): 

Rm = TMP/µJ0                                                                                            Eq. (3)     

where, J0 (L.m-2.h-1) is the initial pure water flux of virgin membrane 

RTwas measured according to the final permeate flux (J2), as shown in Eq. (4): 

RT= TMP/µJ2                                                              Eq. (4)     

where, J2 (L.m-2.h-1) is the final permeation flux of used membrane 

Rr was calculated through the ultrapure water flux after membrane rinsing (J1) 

Rr = RT - TMP/µJ1 = TMP/µJ2 - TMP/µJ1                  Eq. (5)  

where, J1 (L.m-2.h-1) is the ultrapure water flux of cleaned membrane 

Hence, Rir was deduced according to Eq. (6): 

Rir = RT - Rm - Rr = TMP/µJ1 - TMP/µJ0                    Eq. (6)  
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2.9. Antifouling properties 

The experimental results developed in this study allows to profoundly understanding the 

membrane-fouling phenomenon. According to the membrane resistance in-series model, the 

effect of membrane pore size and the suspended catalysts integration on the fouling control 

capability of the CMR system were especially studied. 

Table 10 reveals the experimental values of different fouling profile calculated after 10 

running cycles. 

 

Table 10. Membrane resistance analysis during the different treatment processes. 

Process Monolayer UF 

membrane 

Bilayer T-UF 

membrane 

Hybrid T-UF CMR 

Resistance(109 m-1) P1-IDA@Ni P1-EDA@Au 

Rm 1.11 2.22 2.22 2.22 

RT 5.17 7.54 2.61 2.46 

Rr 3.25 4.7 0.32 0.19 

Rir 0.81 0.62 0.07 0.05 

 

 

Initially, the single UF process was carried out by examining the effect of LbL deposited layer 

number (pore size) on the fouling resistances during the treatment process. Figure 55 shows 

that Rr has the main contribution towards the RT for the both co-sintered mono and bilayer 

membrane. In respect of co-sintered monolayer UF membrane, the Rr was calculated to be 

3.25 109m-1 accounting for 63 % of the RT. 

A similar trend was observed for the co-sintered bilayer T-UF, where the Rr contribution was 

increased by 7%. It can be seen form Figure 55 that the difference in contribution of the Rir to 

the RT, before and after the second layer deposition, was very low (1%). In fact, the 

deposition of the second membrane layer allows the decrease of membrane pore size, which 

improve the deposition of organic species onto the membrane surface and consequently the 

reversible resistance over the filtration time (Bugge et al., 2012; Jørgensen et al., 2012).Then, 

the decrease of Rir value as the membrane size decreased highlights the T-UF versus 

conventional UF process and confirm the LbL deposition performance. 
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Figure 55. Membrane resistance distribution in the single filtration process and the hybrid treatment 

system. 

 

 

On the other hand, the T-UF in CMR process illustrates the different fouling profiles with the 

initial feed TOC in order to identify the process intensification brought by suspended catalyst 

integration in the hybrid system. The total membrane fouling resistance calculated for the 

hybrid system was very low compared to that calculated for single UF. Then, the Rr and Rir 

contributions of the individual membrane resistances was generally negligible. 

Firstly, the contribution of Rm increased significantly from 21% and 29% to 85 % and 90% as 

the P1-IDA@Ni and P1-EDA@Au catalyst were integrated to the T-UF membrane separation 

respectively. This explain that the permeate flux improved with the integration of suspended 

catalysts in the T-UF CMR system. Besides, Rir would highly decrease by the continuous 

filtration/catalysis hybrid process, owing to the degradation of the organic matter in the 

reactor tank by catalytic effect of the catalyst and then physically separated onto the 

membrane surface. However, as the hybrid catalyst amount enhanced, the tendency of Rir was 

much highest in the T-UF CMR system due to the cake layer degradation by the circulated 

catalyst slurry. 

Finally, it is worthy to note that the cumulate volume by T-UF CMR process also increased 

with catalytic intensity of the used P1-EDA@Au due to the difference catalytic activity of Au 

NPs towards Ni NPs. It can be concluded that the integration of the catalytic hybrid monoliths 

in the UF separation system enhanced the permeate flux by degradation of the organic 

pollution. T-UF CMR system can combine some merits such as the easy recycle of both P1-
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IDA@Ni and P1-EDA@Au catalysts and relatively high catalytic efficiency through the 

fouling control and the degradation of pollutants. 

 

3. Conclusion 

Gold and Nickel nanoparticles can be uniformly decorated onto porous monolithic (P1) 

materials to form hybrid catalysts by using Ethylenediamine (EDA) and iminodiacetic acid 

(IDA) as a connecting molecule respectively. The resulting P1-immobilized MNPs were 

successfully used as robust catalysts for the batch reduction of 4-nitrophenol as nitroaromatic 

moleule model. Besides, the development of L-b-L titania membrane for tight UF was 

illustrated. The membrane demonstrated excellent rejection ability for removing drug (CAP) 

and pesticide (2,6-DNA) in water. In addition, the best performances in permeate flux and 

rejection rate for nitroaromatics removal were exhibited by combining monoliths loaded 

MNPs catalysts with the membrane separation system. The important virtues of this hybrid 

catalysis/separation systems are fouling controle and separation yield enhancment trough the 

dynamic filtration layers created by suspended catalysts at the membrane surface. Thus, 

intensify the selective removal of feed water and than makes the system easily recyclable. 
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The aim of this thesis work was to develop new hybrid catalytic membrane filtration 

processes by coupling catalytic nanocomposites with ultrafiltration nanostructured 

ceramic membranes made from low-cost local materials for the treatment of wastewater 

containing toxic compounds such as dyes, pesticides, explosives, and drug residues.  

The first part of this thesis concerned the synthesis, characterization, and application of clay 

and graphene-like nanocomposites decorated with metallic nanoparticles as highly performant 

and recyclable heterogeneous nanocatalysts for the conversion of hazardous molecules to 

environmentally benign ones.  

First, natural clay and graphene-like prepared from natural precursors (clay & sucrose) have 

been surface functionalized by grafting of polyglycidyl methacrylate (PGMA) and 3-

glycidyloxypropyl) trimethoxysilane (GPTMS)/tris (4-hydroxyphenyl) methane triglycidyl 

ether (TGE), respectively. The presence of the reactive epoxy groups on clay and graphene-

like surfaces allows their post-functionalization through ring-opening by using, respectively, 

ethylene diamine ligand and H2SO4/KmnO4 mixture and making them promising platforms 

for the in-situ generation of metallic nanoparticles. Then, the resulting amine and carboxylic-

acid-rich nanocomposites have been used to homogeneously immobilize gold (Au) and 

palladium (Pd) nanoparticles, respectively. The physicochemical characterizations of the 

nanocomposites including scanning and transmission electronic microscopies, X-ray 

photoelectronic spectroscopy, X-ray diffraction electron and thermal gravimetric analysis 

have shown uniformly sized Au and Pd nanoparticles dispersed at high loading on clay and 

graphene-like based nanocomposites, which make them particularly useful in catalysis. 

Finally, online UV-vis monitoring of the reduction reactions of nitroaromatics (nitrophenol, 

pendimethalin) and dyes using, respectively, the as-synthesized AuNPs and PdNPs decorated 

nanocomposites as heterogeneous catalysts in the presence of an excess of sodium 

borohydride have shown that they are very effective. The remarkable results obtained from 

the reusability tests of these nanocatalysts highlighted the crucial role of the chelatant groups 

on the robust stabilization of the AuNPS and PdNPs ensuring a high surface-to-volume ratio 

and thus providing a large number of available catalytic active sites. 

The second part was dedicated to the fabrication, nanostructuration and characterization of 

asymmetric tubular ceramic membranes consisting of a ceramic macroporous support coated 

with a single or several microporous TiO2 membrane layers. The development of these 

membranes involves the implementation of techniques used in the ceramic industry. The 

shaping of membrane supports is ensured in this work by the extrusion process of a 

homogeneous ceramic paste to produce green tubes called supports, which ensure, after heat 
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treatment at high temperature (sintering), the mechanical strength of the final membranes. The 

nanostructuration of the membranes is carried out by two coating techniques, which are slip-

casting and dip-coating. The easy realization and the speed of the deposition process as well 

as the controllability of the properties of the deposited layers are the basis of the choice of 

these two techniques. Simple drying followed by calcination made possible the moderation of 

the final morphological properties of the membranes (porosity, average pore diameter, 

support-separation layer adhesion). Two kinds of membranes were developed in this thesis 

work: ultrafiltration (UF) and tight ultrafiltration (T-UF) membranes elaborated by usual slip-

casting, layer-by-layer (multiple-recovery dip-coating) and co-sintering processes. The 

coating uniformity, the thickness of the deposited membrane layers, the cohesion of the 

microstructure and the homogeneity of the support and the membrane surface were examined 

by scanning electron microscopy (SEM). The porosity and the average pore diameter of the 

layers as well as the membrane supports were determined by nitrogen adsorption/desorption 

(BET) and mercury intrusion porosimetery methods. Hydrophobicity/hydrophilicity 

characteristics of the membrane surfaces   have been defined by the contact angle 

measurements. In addition, three-point bending tests were carried out to characterize the 

mechanical resistance of the consolidated membranes, which have been exposed to relatively 

high pressures when used in filtration experiments. Then, the developed membranes were 

used for the treatment of synthetic dying water of Alizarin, used as a color fixer in the textile 

industries (mordant dyes). The performance of these membranes was studied in terms of 

permeation flux and pollutant retention rate, which are, depend on the experimental 

parameters (initial concentration, working pressure, pH).  

The last part of this manuscript was devoted to the application of  hybrid separation processes 

combining heterogeneous catalysis based on the catalytic nanocomposites with membrane 

filtration using the ceramic UF and T-UF membranes described in the described in the 

previous parts of this work, to the treatment of water spiked with toxic and harmful 

nitrophenol, dyes, 2,6-dinitroaniline (2,6-DNA) et chloroamphenicol and as well as real 

textile wastewater derived from the textile industry of Ksar Hellal-Tunisia region.The 

obtained results allowed us to identify a double contribution of the catalytic nanocomposites 

introduced in the membrane reactor system. In addition to their catalytic performance, the 

synthesized nanocomposites revealed another remarkable advantage that is  the creation of an 

additional separation layer deposited on the surface of the membranes. This dynamic layer 

resulted not only in an additional separation but it also allowed preventing the fouling of the 

membranes pores caused by the retention of the pollutants. 
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Thus, based on all the experimental results obtained in terms of the permeation flux, the 

quality of the treated water (capacity to remove effluents) and the resistance to fouling allows 

us to conclude a comparison between the three produced membranes.  

While the development of these three membranes has been carried out from low-cost natural 

materials (such as clay and phosphate sub-products "mud") by using simple to implement 

shaping process and their applications in the purification of polluted water show very 

promising results, we can say that the bilayer membrane from phosphate mud was the 

efficientest. Moreover, it can also be noted that the synthesis by the co-sintering processes and 

the layer-by-layer deposition contributes to notably reducing the pores size and improves the 

anti-fouling properties of the membrane surface. This, would result in a higher efficiency of 

the active layer, this one was very favorable for the use of this membrane in tight 

ultrafiltration compared to other membranes. 

Thus, the original combined technology presented in this study seems to be a very interesting 

process for a better degradation of persistent organic pollutants contained in water and which 

cannot be totally treated by conventional methods. 

In addition to this work, during this thesis the chelatant clay-polyglycidyl methacrylate 

nanocomposite has been used as supports for the immobilization of in-situ generated Au and 

Agbimetallic nanoparticles.  The formation and the well dispersion of the bimetallic ultra-

small Ag@Au particles (average diameter ~4.5 nm) waere evidenced by spectroscopic and 

microscopic results usingTEM and XPS techniques as shown in Figure 56.   These bimetallic 

nanoparticles-based nanocomposites exhibited highly enhanced catalytic properties toward 

the reduction of nitrophenol and pendimethalin in comparison to the monometallic 

nanoparticles-based nanocomposites as a result of synergetic effect between Ag and Au 

nanoparticles (see Figure 56).  

As perspectives for this thesis work, the idea will be to synthesize magnetic nanocomposites 

as heterogeneous nanocatalysts containing for example Au or Ag@Au and Fe2O3 

nanoparticles, and this using the same synthetic strategyas that described in this manuscript. 

The use of such heterostructures will aim on the one hand to improve catalytic performance 

and on the other hand to facilitate recovery and thus recycling of the catalytic systems in 

simple and rapid way. Evaluation of the efficiency of these systems in Fenton hybrid process 

toward the complete degradation of persistent compoundscan be considered. 

In addition, UF membrane system in total recycle mode of filtration have to be investigated.  

This requires continual recycling and return back of both permeate and concentrate streams to 

the feed tank. Then, the concentration of the feed solution can be considered as kept constant 
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during the treatment experiment. From the practical standpoint, it would be interest to conduct 

the research and analysis associated with the continuous operation process to maximize the 

COD and color removal efficiency. Hence, these experiments will be in the aim of membrane 

performance evaluation in terms of permeate flux and permeate quality and to know the effect 

of the different operating conditions on membrane resistance in continuous treatment process 

by comparison to that conventional UF method. 
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Figure 56.(a) TEM images, (b) line scan for Au, Ag, Si, Al, O and C elements and (c) pore size 

distribution of bimetallic MMT-PGMA-NH3
+@Au/Ag and UV–VIS absorption spectra of 4-NP 

reduction by using monometallic (d) MMT-PGMA-NH3
+@Ag, (e) MMT-PGMA-NH3

+@Au and (f) 

bimetallic MMT-PGMA-NH3
+@Au/Ag and (g) reaction kinetics. 
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Abstract 

This PhD project aims at synthesizing innovative hybrid materials meant for (waste)water 

treatment applications. A special focus has been laid on establishing structure-property 

relationships through varying the synthesis conditions to finely tune the structural parameters 

of the composite materials for optimal properties. The manuscript presents three experimental 

chapters describing different nanostructured materials exhibiting catalytic or/and filtration 

abilities towards organic pollutants.  These sections are preceded by an introduction and a 

state-of-the-art of related materials and followed by a conclusion and perspectives.  

Our experimental approach was motivated by initially developing materials with unique 

“catalytic or filtration” property toward dual functional materials “membrane reactor for 

hybrid heterogeneous catalytic filtration” with the aim to develop highly competitive 

materials in the context of sustainability and environment protection  

Keywords:Clay; Filtration; Graphene; Heterogeneous catalysis; Membrane technology; 

Nanocomposites; Polymer materials; Surface functionalization; Sustainable row materials; 

Wastewater treatment; 

 

Résumé 

Ce projet de doctorat vise à synthétiser des matériaux hybrides innovants destinés au 

traitement des eaux (usées). Un accent particulier a été mis sur l'établissement de relations 

structure-propriété rendu possible en faisant varier les conditions de synthèse des matériaux 

afin d'ajuster finement les paramètres structurels des matériaux composites en vue d’obtenir 

des propriétés optimales. Le manuscrit présente trois chapitres expérimentaux décrivant 

différents matériaux nanostructurés présentant des activités catalytiques ou/et de filtration vis-

à-vis des polluants organiques. Ces sections sont précédées d'une introduction et d'un état de 

l'art des matériaux connexes et suivies d'une conclusion et de perspectives. 

Notre approche expérimentale a été motivée par le développement dans un premier temps de 

matériaux à propriété unique «catalytique ou filtration» vers des matériaux à dualité de 

fonction «réacteur membranaire vers des procédés hybrides combinant filtration et catalyse 

hétérogène» dans le but de développer des matériaux hautement compétitifs dans un contexte 

de développement durable et de protection de l'environnement 

Mots clés :Argile; Catalyse hétérogène; Filtration; Fonctionnalisation de surface; Graphène; 

Matériaux polymère; Matières premières durables; Nanocomposites; Technologie 

membranaire; Traitement des eaux. 
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